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ABSTRACT
 
CPT-BASED PROBABILISTIC ASSESSMENT OF
 
SEISMIC SOIL LIQUEFACTION INITIATION 

by
Robb Eric S. Moss 
Doctor of Philosophy in Engineering-Civil and Environmental Engineering 

University of California at Berkeley 

Professor Raymond B. Seed, Chair 

The correlation of seismic field performance with in situ index test results has been 
proven to be a reliable method for defining the threshold between liquefaction and non-
liquefaction. The objective of this research was to define in the most accurate and 
unbiased manner possible the initiation of seismic soil liquefaction using the Cone 
Penetration Test (CPT). Case histories of occurrence and non-occurrence of soil 
liquefaction were collected from seismic events over the past three decades.  These were 
processed to develop improved CPT-based correlations for prediction of the likelihood of 
“triggering” or initiation of soil liquefaction during earthquakes.  Important advances 
over similar, previous efforts include, (1) collection of a larger suite of case histories, (2)
development of an improved treatment of CPT thin-layer corrections, (3) improved 
treatment of normalization of CPT tip and sleeve resistances for effective overburden 
stress effects, (4) improved evaluation of cyclic stress ratio (CSR) in back analyses of 
field case histories, (5) assessment of uncertainties of all key parameters in back-analyses 
of field case histories, (6) evaluation and screening of case histories on the basis of 
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overall uncertainty, and (7) use of higher-order (Bayesian) regression tools.  The resultant 
correlations provide improved estimates of liquefaction potential, as well as quantified 
estimates of uncertainty.  The new correlations also provide insight regarding adjustment 
of CPT tip resistance for effects of “fines” content and soil character for purposes of 
CPT-based liquefaction hazard assessment. 
Raymond B. Seed 
Thesis Committee Chair
Date 
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Chapter 1 

Introduction 

1.1 Research Statement 
Seismically induced soil liquefaction is a leading cause of damage and loss during 
earthquakes.  This natural earthquake phenomenon is a function of the liquefaction
resistance of the soil in relation to the cyclic stress induced by ground shaking.
Liquefaction that occurs in a built-up environment can be a significant human hazard.
The objective of this research was to define, in the most accurate and unbiased manner
possible, the likelihood of initiation or “triggering” of seismically induced soil 
liquefaction.
Laboratory testing to assess the liquefiability of in situ soils is prone to sampling
disturbance problems, and so fails to fully capture some of the more important variables
such as prior seismic history, ageing affects, and field stress conditions, to name a few.
The correlation of seismic field performance with in situ index tests has shown good 
results in assessment of the likelihood of initiation of liquefaction.  The research reported 
herein presents development of correlations for assessment of liquefaction susceptibility
based on use of the Cone Penetration Test (CPT) as the in situ index test for correlation.
In order to make the correlation as accurate and unbiased as possible, several important 
details relating to the interpretation of CPT data had to be worked out.  This included the
problems of accurate interpretation of CPT measurements in thin interbedded strata, and 
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appropriate normalization of both tip and sleeve resistance measurements for effects of
varying effective overburden stress.
A correlation is only as good as the quality of the data upon which it is based.  One key
objective was to assemble a database of the most highly scrutinized and consistently
processed liquefaction and non-liquefaction field case histories available.  To achieve
this, strict protocols were established for processing and grading case history data
according to the quality of information content.  This database was then submitted for
review to a panel of liquefaction experts.
Proper treatment of the resulting processed and screened data required a flexible and 
powerful statistical technique.  Bayesian analysis provides just such a tool.  This
statistical technique can accommodate all forms of uncertainty associated with both the 
phenomena of liquefaction and our attempt to quantify this phenomenon.  This technique 
also has the flexibility to fit any given mathematical form describing the physics of the
failure mechanism.  Reliability techniques were used to present the results in a 
probabilistic framework.
1.2  Limitations of Previous Studies 
This work was undertaken to fill important gaps that were left by previous, similar CPT-
based studies.  A comprehensive list of previous work is included in Chapter 6.  The most
commonly used CPT-based liquefaction triggering correlation to date is that proposed by
Robertson & Wride (1998) as presented in NCEER (1997) and Youd et al. (2001).  This
2
 
    
  
    
 
   
   
  
 
  
  
   
 
 
 
   
  
 
 
 
        
     
    
work provides the most usable and comprehensive CPT-based assessment of liquefaction
triggering available.  Some of the deficiencies of this work include; lack of a probabilistic
assessment for an inherently uncertain problem, inconsistent treatment and processing of
some of the field case histories, unconservative assessment of the effects of “fines” on
soil liquefiability, and overly simplified treatment of normalization of CPT tip resistance
for effective overburden stress effects.  The result is a methodology of an undefined level
of certainty, and one that is unconservative in soils with significant fines contents.
Other well-known studies, including Shibata & Teparaska (1988), Stark & Olson (1995),
Suzuki et al. (1995), all employed a more limited database of field performance case
histories than Robertson & Wride (1998).  Recent work by Juang et al. (2000, 2003)
presents probabilistic results, but uses a database with the same deficiencies as Robertson
& Wride (1998).
1.3  Scope  
This dissertation is composed of four technical papers and an appendix containing the 
entire processed CPT-based liquefaction field case history database.  Additional chapters
were added to include further research details, and to promote continuity.
Following the introduction, Chapter 2 is a technical paper that addresses the issue of thin
layer corrections for the CPT. The proper treatment of a thin layer is critical to
determining accurate tip measurements in that layer.  This pertains to in situ
measurements as a whole.  In liquefaction assessment, thin layer corrections pertain to an
3
 
    
   
  
 
   
    
  
   
 
  
 
 
     
   
   
 
 
   
   
    
  
 
embedded layer that has the potential for liquefaction yet an accurate measurement of its 
tip resistance is skewed by the relative “thinness” of this layer (and the presence of softer
soils immediately above and/or below.)
Chapter 3 is a technical paper that describes the state of knowledge regarding 
normalization of tip and sleeve resistance for effective overburden stress effects. This
section presents the use of field, laboratory, and theoretical analysis results to better
define the influence that overburden stress has on a particular soil as measured by the 
CPT.
Chapter 4 outlines the details and protocols that were used in processing field 
performance case history data for inclusion in the database.  It should be noted that 
although the procedures that were used to produce a consistent and unbiased database are 
described, this in no way eliminated the need for engineering judgment in assessing and 
quantifying each individual case history.  Engineering judgment, however, was also
applied in a democratic manner by employing a review panel to tackle the vagaries of site
assessment, and to provide important consensus regarding key parameters.
Chapter 5 describes both conceptually and mathematically the Bayesian analysis
approach as it applies to the problem of seismic soil liquefaction.  A Bayesian framework 
proved to be immensely successful in dealing with the myriad forms and sources of
uncertainties associated with liquefaction triggering assessment.
4
 
      
 
   
  
   
 
 
     
    
  
Chapter 6 presents the whole suite of liquefaction assessment results. Included is the full
processed field case history database (in table format), and the final resulting correlation
showing the threshold of liquefaction as contours of probability, deterministic contours
accounting for the effects of  “fines” on soil liquefiability, and comparison plots showing 
the results of these studies in relation to previous studies.
 Chapter 7 presents the summary and conclusions, as well as recommendations for future 
work.  Appendix A presents the entire field database in detail, with two pages of
information for each field case history, including the statistics for each and the 
appropriate CPT tip and sleeve traces.
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Chapter 2 

Thin Layer Correction 

2.1 Abstract 
The cone penetration test is a valuable index test for assessing subsurface conditions.
When dealing with relatively thin soil strata, bias in tip resistance readings can occur as a
function of how thin the layer is and the stiffness ratio between the thin layer and the
surrounding soil.  Determining an accurate value of tip resistance in a thin layer can be
important in an engineering situation such as evaluating a critical layer for liquefaction
analysis.  Both analytical and empirical results are used to reasonably define a correction
factor for the measured tip resistance within thin layers.
2.2 Discussion
One of the strong suits of the cone penetration test (CPT) is that it takes a continuous 
reading of the soil column.  However, it has been noted by previous researchers, in both
field and laboratory studies, that the CPT measurements can be adversely affected by thin
layers.  This study reviews analytical and empirical results to determine the capacity of
the CPT in thin layers, and to present improved correction factors for interpreting stiff
thin layers.
The CPT measurement at a particular point in a highly stratified soil column represents
the resistance at the tip with respect to the layers above and below the tip.  This is
analogous to the cone tip “sensing” ahead and behind the current location in the soil
6
 
   
  
  
      
 
    
 
  
  
      
 
    
   
  
  
    
   
 
 
   
     
  
column.  Depending on the thickness of the layer at the cone tip, the measured resistance 
value can be significantly different from the true resistance value of the strata if it were a 
continuous thick layer.  Vreugdenhil et al. (1994) used a simplified elastic solution to
analytically quantify the difference between the measured resistance values in the layered 
media versus a true resistance value for the layer if it were thick.
The concept of an elastic solution appears contrary to the high strain that occurs when a 
cone punches through the soil.  However, the elastic solution does not need to model the 
tip resistance per se, but the effect of a layer of soil at a distance from the cone tip, and 
the effect that this layer has on the measured resistance.  At a distance, the effect of the 
cone on the soil can be assumed to be in the elastic range.
Two models were presented in the work by Vreugdenhil et al., 1) where a soft thin layer
is embedded within a continuous stiff surrounding material, and 2) where a stiff thin layer
is embedded within continuous soft surrounding material.  The top and bottom layers
were treated as infinite half spaces and the effect of variable stiffness ratios between the 
soft and stiff materials was explored (see Figure 2.1).  Stiffness here is defined as the 
elastic shear modulus (G).
The elastic solution presented by Vreugdenhil et al. (1994) was verified against chamber
tests studies of layered soil profiles (Kurup et al., 1994).  In this verification the average 
relative tip resistance (qc) values for the soil layers were used as a proxy for the elastic 
stiffness moduli (G).  This is a reasonable assumption if the cone is pushed at a  
7
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Figure 2.1  Conceptual model of stratigraphic sequence with a stiff thin layer.
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continuous rate through the different types of soil (constant strain rate), and the stiffness
ratio (GB/GA) between two different soil types is not wildly disparate (i.e. the relative 
response to strain is similar in the two soils).
Analytical results from the first model (embedded soft thin layer) showed that there was 
little alteration of the measured tip resistance.  The soft thin layer appears to isolate the 
cone from the surrounding stiffer material.  The entry and exit zones of altered resistance 
were on the order of 3 to 5 cone diameters for a 20% change in resistance, where the 
stiffness ratio between the thin layer and the surrounding material is high.
The results from the second model (embedded stiff thin layer) indicated that the alteration
of measured resistance can be high, on the order of 100 to 200 cone diameters for a 20%
change in resistance, with a high stiffness ratio.  In this instance the stiffness ratio can
have a large affect on the measured resistance at a great distance from the cone tip.  This
can lead to difficulties in determining the true resistance of the thin stiff layer, and in
interpreting the depth at which the strata originates and terminates.
Some researchers carried the thin layer analysis further.  Robertson & Fear (1995)
recommended corrections for a stiff thin layer based on the results from Vruegdunhil et
al. (1994). They modified the Vruegdenhil et al. results and suggested a correction curve 
for a tip resistance ratio of two (qcB/qcA=2).  NCEER (Youd et al., 1997) suggested a 
correction range for a tip resistance ratio of two (qcB/qcA=2) based on field data from
Gonzalo Castro and Peter Robertson.
9
 
   
   
 
   
   
  
  
  
     
   
 
 
   
    
    
  
     
 
   
  
  
   
  
In this current work the authors returned to the original research by Vrugdenhil et al. was
used to generate correction curves for to tip resistance ratios of two, five, and ten
(qcB/qcA=2, 5, and 10).  Field data was then used to modify the location and range of the 
tip resistance ratios of concern.  The data were from sites with two relatively uniform
layers in sequence where the mean tip resistances could be clearly defined at a certain
distance away from the layer interface.  The resistance ratio between the two layers gives 
rise to an altered measured tip resistance; it appears as a warping of the tip resistance over
a finite distance.  This distance corresponds to a thin layer correction of 1.0, in other
words no correction is necessary in a thin layer scenario at this resistance ratio with a 
layer thickness of this value.  The correction factors were then determined by decreasing 
the layer thickness to achieve factors greater than 1.0.  The empirical results agreed 
favorably with the theoretical results with regard to general trends, but the correction
factors were found to be smaller at high stiffness ratios. There is high confidence in the 
resistance ratios of two and five.  The data for the resistance ratio of ten is slightly
suspect because of the difficulty of interpreting field data with this resistance ratio; it is
difficult to discern when the cone is reading an altered resistance due to layer interference 
and when the cone is the reading an artifact of the geologic depositional environment.
An example of how field data were used for validation follows.  Figure 2.2 shows a CPT
trace from the Miller Farm Site (Bennett and Tinsley, 1995).  The trace records the tip 
resistance through a transition from sandy silt to medium dense sand over the depth range 
of 4.0 to 7.5 m. The tip resistance over this transition is affected by the stiffness ratio
between the two layers, as seen by a slight warping of the tip reading.  The average tip  
10
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Figure 2.2  Example of the process used to derive thin layer correction
factors from empirical data; subsurface log of Miller Farm #49 
(Bennett and Tinsley, 1995).
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resistance for the two layers is taken over a depth range near the layer transition.  These 
average values are used as reference points for defining the range of the affected zone.
Using the average tip resistance as a proxy for material stiffness, the tip resistance ratio
between the two layers is determined to be approximately four (qcB/qcA≈4).  The distance 
over which the transition from average tip resistance in the sandy silt layer to average tip 
resistance in the medium dense sand layer is approximately 400 mm.  This distance 
represents the linear extent the CPT, at the given tip resistance ratio, requires to achieve 
full tip resistance.  Reducing the total distance by some factor thereby gives a field 
measurement of the thin layer correction factor.  A thin layer, at this tip resistance ratio,
measuring 276 mm, would require a correction factor of 1.45.  Data from 23 different
cases were used to determine the case specific correction factors.  These were then
collected into “bins” for layer stiffness ratios of qcB/qcA=1.0 to 3.5, 3.6 to 7.5, and 7.6 to 
15.0, and these were compared against correction factors corresponding to the theoretical
curves backed out of the elastic solution (Figure 2.3).
Based on the elastic solution of Vrugdenhil et al. (1994), the NCEER (1997)
recommendations, and field data, new thin layer correction curves are recommended as 
shown in Figure 2.4. Curves are suggested for tip resistance ratios of two and five, with
the recommendations for a ratio of ten as the upper bound.  The curves encompass
correction factors up to a recommended limit of 1.8.   These results are based on a 
standard cone of diameter 35.7 mm (cone tip area 10 cm2). These recommendations are 
for stiff thin layers embedded in softer surrounding material as shown conceptually in  
12
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Figure 2.3 	 Comparison of field data and theoretical curves.  The means and 
±2 standard deviations.
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Figure 2.1.  The recommendations can also be applied to a stratigraphic sequence where 
there is a stiff thin layer embedded in softer surrounding material in which the top and
bottom soil layers do not necessary have the same stiffness.  This situation, as shown
conceptually in Figure 2.5, can be spatially averaged  or treated as two half-space 
problems.
Determining the layer thickness of concern can be a difficult step in applying the thin
layer correction.  The use of sleeve resistance and/or friction ratio is invaluable for
interpreting the boundaries between soil layers.  Although sleeve measurements tend to
be highly variable, a marked change in the trend of the sleeve trace can usually be noted 
when transitioning between layers of different stiffness and character. The sleeve, in
conjunction with the tip resistance, can give a reasonable estimate of a layer boundary.
Using SPT bore logs, as well as Vs measurements or other in situ tests, is recommended
for increasing the accuracy of this layer boundary estimation.
2.3 Example 
The use of the thin layer correction curves requires thorough understanding of the 
problem to which it is being applied and careful exercise of engineering judgment in its
application.  The thin layer correction is a tool that allows the engineer to roughly
quantify the limitations of the CPT when encountering thin stiff strata.  An example is
provided to demonstrate the use of the thin layer correction.
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Example:  Shown in Figure 2.6a is a CPT trace from Adapazari  (PEER, 2002).  Upon
inspection of the tip, sleeve, and friction ratio traces, it is apparent that there is a stiff thin
layer embedded in softer surrounding material.  This example will focus on the stiff thin 
layer at the depth range of approximately 3.6 to 4.1 meters (see Fig. 6b).  Representative
average values were calculated for the layers above and below the thin layer.  A
representative peak value was chosen for the thin layer.  The average value for qcA≈1.0 
MPa, the peak for qcB≈3.9 Mpa, which gives a tip resistance ratio of 3.9 (qcB/qcA=3.9).
With a layer thickness of 500mm and a resistance ratio of approximately four, a thin layer
correction factor of 1.35 is chosen from Figure 2.4. The corrected tip resistance for the 
thin layer, to a value representative of the tip resistance if it were a continuous thick 
layer, is then 1.35 (3.9 MPa) =5.3 MPa ( Cthin ⋅ qcB = qcB, thin ). 
2.4  Conclusions
The cone penetration test can give a biased tip resistance reading within a stiff thin layer
of soil, where the bias is in relation to the thickness of the stiff thin layer and the stiffness
ratio of the thin layer to the surrounding strata.  Presented in this study are new thin layer
correction curves, based on analytical and empirical results, which aid in the
interpretation of the tip resistance in situations where this bias occurs.  An example of the 
application of the thin layer correction has been provided.
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Figure 2.5  Conceptual model where the stiff thin layer is surrounded  
by softer layers of soil having different stiffnesses. 
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Figure 2.6a  Example demonstrating the use of the thin layer correction,
  subsurface log from Adapazari CPTU#1-02 (PEER, 2001).
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Figure 2.6b  Example demonstrating the use of the thin layer correction,
  subsurface log from Adapazari CPTU#1-02 (PEER, 2001).
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Chapter 3 

Normalization for Effective Overburden Stress 

3.1 Abstract 
Effective overburden stress can have a significant influence on measured tip and sleeve
resistance of the cone penetration test (CPT).  For an accurate representation of tip and 
sleeve resistance it is essential to normalize these index measurements appropriately.  A
comprehensive study was conducted to review all aspects of CPT normalization, and to
solidify normalization procedures for the CPT using both empirical results and theoretical
analyses.  This paper presents the results of this study in the form of an improved 
normalization scheme and its application.
3.2 Introduction
Raw CPT measurements can be misleading if effective overburden/confining stress 
effects are not taken into account.  Low confining stresses that might be found at shallow 
depths, can result in a reduced measured tip and sleeve resistance.  Whereas high
confining stresses that might be found at greater depths, can result in a pronounced 
increase in measured tip and sleeve resistance.
Confining stress influences different soils differently.  Cohesive soils respond to
confining stress primarily as a function of over consolidation ratio (OCR) and undrained 
strength (su).  Cohesionless soils respond to confining stress primarily as a function of
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relative density (Dr) and the coefficient of lateral earth pressure (Ko), and to a lesser
degree as a function of the angularity, compressibility, and crushing strength of the 
grains.   
The effects of confining stress are nonlinear, showing a curve-linear decrease with linear
increase in stress. To account for the effects of confining stress, the tip and sleeve
resistance values are normalized to a reference stress value.  The reference stress value 
that is convenient and commonly used in practice, is one atmosphere (1 atm. = 101.325
kPa = 1.033 kg/cm2 = 14.696 psi = 1.058 tsf).  One atmosphere is also a reasonable
reference value because it is a median range of depth/pressure in geotechnical
engineering problems.
3.3 Previous Research
The bulk of research on CPT normalization was conducted by Olsen et al. (1988, 1994,
1995a, and 1995b).  Olsen (1994) utilized a technique of defining the normalization for
tip and sleeve resistance of various soil types from field and laboratory data.  For a given
“uniform” soil strata the resistance was measured at different confining stresses.  The 
results were plotted as a function of confining stress in log-log space, resulting in a linear
relationship.  The stress normalization exponent for that particular soil state is then the 
slope of the linear fit in log-log space (with the symbol c for tip exponent and s for sleeve
exponent).  This procedure was carried out for all soil types where reasonable data
existed, which led to the Olsen & Mitchell, 1995 (Figure 3.1) normalization exponent
contours. These exponent contours can then be used in a forward analysis to normalize  
21
 
  
 Figure 3.1  Variable CPT Normalization from Olsen & Mitchell (1995).
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the tip and sleeve resistance as,
qc,1 = Cq ⋅ qc 
 and fs,1 = Cf ⋅ fs       (3.1)  
c s 
⎛ 
Pa 
⎞ ⎛ 
Pa 
⎞
 
where Cq = ⎜ ⎟  and  Cf = ⎜ ⎟
 
⎝ 
σv'
⎝ 
σv' 
⎠ ⎠ 
This work incorporated over two decades of field data and an extensive database of
chamber test studies to deduce the tip normalization for a number of different soil types.
Olsen laid down the groundwork for cone normalization, and subsequent researchers (e.g.
Robertson & Wride, 1998) deferred to this body of work when addressing normalization.
An inherent limitation in an empirical approach is that a layer must be uniform and cover
a sufficient depth to be of use.  Normalization data in granular materials is generally
restricted to chamber test results because of the inherent variability in the field due to this
type of depositional environment. In fine-grained soils, normalization data is generally
restricted to field tests because of the difficulty of performing chamber studies on this
type of soil.  For soils that fall outside the requirements of uniformity and extent, it is
difficult if not impossible to generate or retrieve normalization data for analysis.
Olsen (1994) used an extensive database (Figure 3.2, 3.3, and 3.4) to delineate the areas
that were quantifiable, and interpolated and/or extrapolated elsewhere.  Olsen’s 
characterization chart, Figure 3.1, shows variable tip normalization exponents for
different soil types, with sleeve normalization exponents assumed to be equivalent to tip.
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Figure 3.2  Tip Normalization Exponent Results from Field Data (after Olsen, 1994).
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Figure 3.3 Tip Normalization Exponent Results from 57 Calibration Chamber
Tests and Bay Mud Field Data (after Olsen, 1994). 
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Figure 3.4  	 Tip Normalization Exponent Results from 25 Calibration Chamber 
Tests and Bay Mud Field Data (after Olsen, 1994).
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3.4 Theoretical Foundation for Normalization
To expand on Olsen’s pioneering work a new approach was in order.  This approach was 
to look at a theoretical foundation for CPT normalization.  A review of methods that
theoretically predict CPT measurements from fundamental soil properties was carried 
out.  There are many methods that have been proposed, including; bearing capacity,
cavity expansion, strain path, steady state, incremental finite element, and discrete
element.
Based on the literature (Mayne, 1991; Keaveny, 1985, Keaveny & Mitchell, 1986; Yu &
Houlsby, 1991; Salgado, 1993; Collins et al., 1994; Huang & Ma, 1994; Salgado et al.,
1997; Yu & Mitchell, 1998; Yu, 2000) cavity expansion methods are the most advanced 
for theoretical CPT tip predictions.  Yu & Mitchell (1998), in particular, looked at all
theoretical methods that were functionally comparative at the time and found cavity
expansion to be the most developed as well as providing the greatest accuracy in CPT
predictions over all stress ranges.  Bearing capacity methods are only valid for shallow or
low confining stress regimes, and provide a linear approximation to a nonlinear problem.
Other methods such as steady state, discrete element, strain path, and incremental finite 
element are promising methods but are in their infancy and may only predict CPT tip
resistance for a specific soil type and stress condition.  Steady state methods were used in
this study as qualitative support for the quantitative cavity expansion results.
Bishop et al. (1945) was the first to note the analogy between the expansion of a cavity
and the penetration of a cone in an elastic medium.  Subsequent researchers developed 
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this further by incorporating higher order stress-strain relationships to model sands and 
clays with increasing rigor and accuracy (Vesic, 1972; Ladanyi & Johnston, 1974;
Baligh, 1976; Carter et al., 1986; Yu & Houlsby, 1991; Collins et al., 1992; Salgado et
al., 1997).
Cavity expansion methods require two steps; (1) a theoretical (analytical or numerical)
cavity limit pressure solution is calculated, and (2) this limit pressure is then related to the 
cone tip resistance.  This research utilizes various cavity expansion solutions to determine 
normalization exponents.  Because of the complexity of soil behavior and the different
solutions required for different types of soil behavior, the discussion of theoretical
methods is divided into four soil state categories; cohesive normally consolidated,
cohesive overconsolidated, cohesionless contractive, cohesionless dilatant.
3.4.1 Cohesive Normally Consolidated 
Yu & Houlsby (1991) derived an analytical solution for a total stress cylindrical cavity
expansion model in normally consolidated cohesive clay.  The soil is modeled as a linear
elastic-perfectly plastic material using a Mohr-Coulomb yield criterion.  The closed form
solution for a standard 60 degree cone, with a perfectly rough surface is:
qc = Nc ⋅ su +σm 
        (3.2)  
3 G 
where Nc = 9.4 +1.155 ⋅ ln = cone factor 
2 su
 
and su = undrained strength and  σm = mean total stress
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Yu & Mitchell (1998) showed that this solution gave good results when compared to
empirical data and other analytical solutions.
For this study, Yu’s closed form solution (Equation 3.2) was calibrated using chamber
data from Kurup et al. (1994).  The elastic shear modulus, G, was calculated using the 
equation for Gmax from Hardin (1978) and a reasonable value of shear strain.  This
solution was then used to predict tip resistance, using a CL/CH model clay soil, with an
OCR=1.0, for a variety of stiffness indices under different confining stresses.  The 
normalization exponent from the results was c≅1.0.
Currently there is no analytical solution for sleeve resistance.  Sleeve resistance ( fs ) is a
function of the effective remolded strength (δr ) and the effective horizontal pressure
(σh' ). 
fs ∝σh'⋅ tanδr 
        (3.3)  
The effective horizontal pressure can be thought of as a cylindrical cavity expansion limit
pressure for sleeve resistance measurements (Keaveny, 1985; Keaveny & Mitchell, 1988;
Masood, 1990; Masood & Mitchell, 1993).  Kurup et al. (1994) chamber data was used to 
correlate tip and sleeve resistance through a form of Equation 3.3.  This was then used to
approximate the corresponding sleeve resistance.
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Using the stead state method for cohesive normally consolidated soils, Yu et al. (2000b)
showed that tip resistance and friction ratio have similar trends as a function of stiffness 
index, which is itself a function of confining stress.  Showing that both tip and sleeve can
be founded in cylindrical cavity expansion methods, and both are a function of the 
stiffness index, and normalization being a function of the cone’s response to confining 
stress, then it is hypothesized that the tip and sleeve are normalized equivalently for
cohesive normally consolidated soils.
3.4.2 Cohesive Overconsolidated
For this soil state, the cavity expansion model must have a constitutive relationship that
captures undrained cohesive soil behavior accurately.  Researchers have addressed this
soil state with varying success (Mayne, 1991; Collins & Yu, 1996).  Cao et al. (2001) and 
Chang et al. (2001) published companion papers that developed a closed form modified
Cam clay cavity expansion model that can be used to predict tip resistance.  These papers
were also bolstered by discussions from Ladanyi (2002) and Mayne et al. (2002). This
spherical cavity model is shown in its simplified form below:    
4 ⎛ G ⎞ 
⎛ ⎞ qc = ⋅αε ⋅ su ⋅ ⎜ ln +1⎟ +σm 
⎜
⎜ ⎟ 
⎟ 
      (3.4)  3 
⎝ 
su 
⎠ 
⎝ ⎠ 
whereαε =strain rate factor = 1.64 for 10 cm2 cones 
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The cavity limit pressure equation, the basis for Equation 3.4, was compared with the 
solution proposed by Yu & Collins (1996).  Cao et al. (2001) used a small strain
assumption in the derivation of their closed form solution, whereas Collins & Yu (1996)
used a large strain assumption for their numerically generated solution.  The two methods 
compare favorably.  The cone predictive form of this cavity expansion model (Equation
3.4) was compared to both laboratory and field data and shown to agree reasonably well
(Chang et al., 2001).
The Chang et al. (2001) cavity model results indicate that OCR has only a small effect on
predicted tip resistance.  Yu et al. (2000b) included some preliminary analysis on
overconsolidated soils using their steady state model and also found that OCR had little 
effect on the predicted tip resistance.  Based on the trends observed in the normally
consolidated cohesive soils it is hypothesized that overconsolidated soils behave in a 
similar fashion, and that tip and sleeve normalize equivalently.
To confirm this, field data of young bay mud from the San Francisco Bay, was used to
calculate normalization exponents for the tip and sleeve.  The young bay mud is slightly
overconsolidated (OCR≅1.2) and deposited in relatively homogenous layers of sufficient
thickness to extract the response of tip and sleeve resistance for varying confining 
pressures.  The results indicate an equivalent normalization exponent for the tip and 
sleeve (Figures 3.3 and 3.4).
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3.4.3 Cohesionless Contractive 
Ladanyi & Johnston (1974) derived an analytical solution for tip resistance in contractive 
sands using a spherical cavity approach and a linear elastic-plastic von Mises failure 
criterion.
qc'= Nq ⋅σv0' 
         (3.5)  
(1+ 2K 0)A 
where Nq = [1+ 3 tan(λφ ' )]
3 
The variable A is the ratio of the effective spherical cavity limit pressure to the initial
mean effective stress, which is a function of strength and stiffness.  There is no closed 
form solution for A, it must be calculated numerically.  Yu (2001) developed a numerical
solution, implemented in the code CAVEXP, for calculating the spherical cavity limit
pressures required to determine A.  The combination of Yu’s numerical solution for the 
limit pressure and Ladanyi & Jonhston’s analytical solution for the relation between that
limit pressure and tip resistance compares quite favorably with empirical results (Yu &
Mitchell, 1998).
The combination of the Ladanyi & Johnston’s (1974) analytical solution and the Yu 
(2001) numerical solution for limit pressures was calibrated using chamber test data of
various sands from Salgado’s (1993) exhaustive compendium.  The calibrated model was
then used to predict tip resistance and tip normalization exponents.
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As with the cohesive soils, there is currently no theoretical solution for sleeve resistance.
The sleeve resistance is a function of the horizontal effective stress and an effective 
modified friction angle, which is analogous to the tip resistance;
fs ∝σh'⋅ tanφ ' 
        (3.6)  
However, sleeve resistance is assumed to be based on cylindrical cavity expansion 
geometry.  One difference between tip and sleeve resistance is a function of the ratio of
limit pressures for a cylinder versus a sphere ( 1:πh 2 ).  Collins et at. (1994) included in
their research the differences in using cylindrical versus spherical cavity geometries
derived for sands.  Their results concur that there is a divergence of the tip and sleeve 
exponent for the contractive soil state in granular materials.
Chamber tests were used to calibrate a form of Equation 3.6 and sleeve resistance values
were then approximated, to correlate with the predicted tip resistance values.
3.4.4 Cohesionless Dilatant
Salgado (1993) developed a nonlinear elastic-plastic cavity expansion model that
accounts for dilatant behavior in granular material.  This model requires a finite element
solution for the cavity limit pressure, which has been implemented in the code 
CONPOINT (Salgado et al., 1997 and 2001). Accounting for this soil state, Salgado’s
model first numerically calculates the cylindrical cavity limit pressure, then uses a stress 
rotation analysis to obtain the tip resistance.  Salgado’s model follows the formulation,
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1+β(1 + C) − (1 + β )C −1π tan φTqc = 2 p e 2      (3.7)  L C β (1 + β ) 
where the independent variables in this equation are described in Salgado (1997).  This
model has been shown to agree well with empirical data by Yu & Mitchell (1998).
Boulanger (2003) used Salgado’s model as a theoretical basis to calculate normalization
exponents for materials subjected to high confining stresses (σv’>4 atm) and cyclic loads.
Chamber test results from Salgado (1993), for samples of Dr=0.75-0.85 and σv’>4 atm
(as corresponding to Boulanger’s analysis) were used to locate the normalization
exponent range in Rf versus qc,1 space with the other cavity expansion model results.
There is good agreement with Boulanger’s analysis and the other techniques used in this
study, as can be seen in Figure 3.5.
Mitchell and Keaveny (1986) took an approach that returned to the seminal work in
analytical cavity expansion solutions by Vesic (1972).  Their results show that for soils of
high compressibility (low Irr ), a spherical cavity model predicted tip resistance best.  This
agrees with the cohesionless contractive results using the Ladanyi & Johnston’s (1974)
closed form solution with Yu’s (2001) numerical cavity limit pressure code.  The 
corollary is a low compressibility soil (high Irr ), which was shown to agree best with a 
cylindrical cavity model.
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Again, assuming that the sleeve resistance is based on cylindrical cavity expansion, the 
above results would indicate that there is minimal divergence of the tip and sleeve 
normalization exponent for dilatant granular soils.  However, dilatant soils will tend to
arch at the trailing edge of the tip.  This can lead to a higher horizontal effective stress for
the tip than for the sleeve.  This would suggest a divergence of tip and sleeve 
normalization exponents with increased dilatancy.
3.4.5 Cavity Expansion Results 
The results from the cavity expansion analyses are presented in Figure 3.6, a plot of the 
calculated tip normalization exponents over their qc,1 and Rf ranges.  The model results
were generated for an effective stress range of 0.5 to 3.0 atm, with the exception of
Boulanger’s (2003) model that was derived for effective stress values higher than
4.0 atm.
3.5 Sleeve Normalization
The evaluation of sleeve normalization presents a more elusive problem because there are 
currently no theoretical solutions for predicting sleeve resistance.  The sleeve predictions 
so far presented have been based on rough assumptions in order to approximate sleeve 
resistances that correspond to the theoretically derived tip resistances.  These 
approximations have been calibrated using chamber data but lack the consistent and 
rigorous treatment that tip resistance has received.
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Olsen, in his compilation of field and laboratory data scrutinized normalization exponents
for sleeve resistance.  Shown in Fig. 3.7, is the results of Olsen’s analysis, with the ratio
of sleeve and tip normalization exponents versus normalized sleeve resistance.  Olsen 
presented the data in this manner because it provided the best linear correlation out of
different variable combinations.  This trend shows the nonlinear relationship between tip 
and sleeve normalization exponents.  Based on the lack of conclusive results, Olsen
recommended equivalent tip and sleeve exponents, which for most applications only
slightly alters the results.
Based on the qualitative analysis from the different soil states presented thus far, and on
the data from Olsen’s work, a preliminary representation of sleeve exponent curves, in
relation to tip exponent curves, is presented in Figure 3.8.  The curves do diverge in
certain regions of the chart.  When normalizing the tip and sleeve resistance for use in
soil characterization or other engineering applications, however, the difference between c 
and s becomes insignificant.  For example, given raw cone measurements of qc=30 MPa 
and  fs=300 kPa at  3 atm of effective overburden pressure, this gives an Rf=1.0  Note that
these values lie in the region of Figure 3.8 where a large divergence of tip and sleeve 
resistance has been shown to occur.  Now if we take c=0.35 and s=0.40 from the curves 
and normalize using Equation 3.1, to get qc,1=19.7  and fs,1=185.4, this give an Rf=0.942  .
The overall change in Rf is less than 6%, which is insignificant. Therefore, using
equivalent normalization curves for both the sleeve and tip is reasonable.
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3.6 Forward Normalization Analysis
New normalization curves have been developed using current theoretical techniques as
shown in Figure 3.9.  To normalize tip and sleeve appropriately, an iterative procedure is
necessary.  The raw tip and friction ratio are used to find an initial estimate of the 
normalization exponent. The tip is then normalized using this exponent (note: the friction
ratio will not change when tip and sleeve are normalized equivalently).  The normalized 
tip resistance and friction ratio values are then replotted and evaluated for how close they
fall to the normalization exponent value used.  An updated normalization exponent is
selected and the procedure is repeated. This process usually requires only two iterations 
to converge.
To aid in computation, an approximation of the normalization exponent curves can be
reduced to the equation,
f 2 
⎛ Rf ⎞ 
⎜ ⎟c = f 1 ⋅ 
⎜ ⎟ 
        (3.7)  f 3 
⎝ ⎠ 
where  f 1 = x1 ⋅ qc x2 
f 2 = −( y1 ⋅ qc y2 + y3) 
f 3 = abs(log(10 + qc)) z1 
 and x1 = 0.78, x2 = −0.33, y1 = −0.32, y2 = −0.35, y3 = 0.49, z1 = 1.21 
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This equation has no physical significance other than it gives a good approximation of the
tip normalization contours.
3.7 CPT Versus SPT Normalization
Variable normalization for confining stress effects on CPT measurements has been
shown to be inherent in the in situ measuring process.  The normalization exponent is an
indicator of the soil’s state under the given stress conditions.  Use of a constant
normalization exponent can lead to incorrect normalized values.
This error has also become evident in the normalization of SPT measurements where the 
exponent is taken as a constant for all soil types and stress conditions (usually around
0.5). Researchers in liquefaction engineering have noted this inaccuracy in the field data
and chamber results, and have partially compensated for it by using the additional
correction factor of Kσ (Seed, 1983; NCEER, 1997).  Use of variable normalization
exponents obviates the use of a Kσ when working with the CPT.
Currently there are no theoretical solutions for the SPT.  This relegates critical analysis to
chamber studies and field results.  As the SPT tends to be a “non-standard” test, the 
variability of the results from different researchers and different equipment has the 
tendency to cloud the detail needed for assessing confining stress effects.
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3.8 Summary and Conclusions 
This paper presents the results of a comprehensive study of the normalization of CPT
measurements for effective overburden stress effects.  A review of previous field and
calibration chamber results was conducted.  A theoretical framework utilizing advances
in cavity expansion analysis and steady state methods is presented. This framework gives
greater confidence in a variable normalization procedure that is a function of soil state 
and produces accurately normalized CPT resistance values.
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Figure 3.8 Proposed Tip and Sleeve Normalization Exponent Contours. 
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Figure 3.9 Proposed Tip Normalization Exponent Contours.
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Chapter 4 

Data Processing
 
4.1 Introduction
In order to have a robust unbiased estimate of the occurrence or non-occurrence of
liquefaction it is of preeminent importance to have the highest quality data.  A
probabilistic correlation requires powerful statistical techniques, but is only as good as
the quality of data to which the techniques are applied.  To this end, data processing was
of utmost importance in this study.  A considerable amount of time was spent processing
and reviewing the database to minimize epistemic uncertainty that can creep in due to
human error, biased interpretation, and poor analysis techniques.
4.2 Field Observations  
The basis of a liquefaction correlation is a research engineer’s observation of
liquefaction or absence of liquefaction following a seismic event, and the index test
measurements of the suspect critical layer.  This basis is inherently fraught with
uncertainty including; lack of full coverage of affected area, misinterpretation of field 
evidence, poor index testing procedures, difficult field conditions, etc.
One of the primary discrepancies of a database of this type is that researchers tend to
retrieve more liquefied than non-liquefied case histories.  This can be attributed to the 
fact that testing in a liquefied area is much more appealing than testing at a site that
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hasn’t experienced liquefaction.  This unfortunately leads to a data bias, more liquefied 
case histories than non-liquefied case histories.  To account for this data imbalance the 
procedure of bias weighting is used, as described in Chapter 5 on Bayesian analysis.
Liquefaction field correlations is that they are not based truly on the occurrence or non­
occurrence of liquefaction but on the observation of the manifestations of liquefaction at
a particular location and the lack of manifestation at some other location.  These 
manifestations can take the form of sand boils or sand blows, lateral spreading, building
tilting or settlement, ground loss, broken lifelines, etc.  Liquefaction can and does occur
at depths where there is no surface evidence of the event. This of course does not make it
into a liquefaction database, it fits the tree-falling-in-the-woods analogy.
The most content rich sites are sites that are labeled as marginal.  Marginal liquefaction
does not exist, a soil deposit either liquefies or does not liquefy.  Marginal is a research
engineer’s interpretation that at this location liquefaction was either incipient or occurred 
and resulted in minimal surface manifestations.  These sites are included in the database 
and tend to have the most information content because they fall near the limit-state
(threshold of liquefaction/non-liquefaction).
All these vagaries are incorporated into the database and can result in epistemic 
uncertainty.  To minimize this uncertainty a panel of experts reviewed the database and 
came to a consensus on each site and the data it contained.  This process of consensus 
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results in a robust database that contains the best assessment of each variable to the
highest standards of practice.
4.3  Strength Parameters
4.31 Choice of Logs 
At any given site there can be multiple CPT and also corollary SPT logs to choose from.
Proximity of the logs to the observed liquefaction/non-liquefaction is critical.  The 
depositional environment and the properties that lead to liquefaction can vary
significantly over a small distance and therefore it is important to be as close to the 
observed location as possible.  Logs that are considered to be representative of the 
conditions are chosen.  When there are multiple logs, the values (such as tip and sleeve
resistance) are average.
CPT logs that were measured using a mechanical cone or a sleeveless cone are not used 
in this database because of the lack of sleeve measurements.  However when a sleeveless 
cone trace has a corollary SPT log that shows that the critical layer is composed of clean
sand (FC<5%) then the tip resistance is used in conjunction with a prescribed median
“clean sand” friction ratio (Rf ≅ 0.35%). This allows the use of important early CPT tip 
resistance data with a neutral friction ratio.
There are a few earthquake reconnaissance trips that utilized a Chinese cone.  The report
by Earth Technology (1985) showed that there is very little difference between tip and 
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sleeve readings using the Chinese cone and a cone following ASTM specifications
(D3441 & D5778). Therefore the Chinese cone was treated no different in this database.
4.3.2 Case Selection
The objective in case selection in this study was to end up with a group of statistically
independent data points.  Some previous correlations have used multiple liquefaction or
non-liquefaction cases from a single site to generate more statistical data for analysis.
This method can be incorrect for two reasons.  First, given a site with consistent
stratigraphy and a uniform depositional environment, selecting two liquefied or two non-
liquefied cases from the same critical layer results in cross-correlation of these two data
points. The cross-correlation must be accounted for in any form of statistical analysis
and will result in much higher uncertainty or much reduced informational content for
each data point.  Second, if a particular layer within the site does liquefy this then
modifies the incoming seismic energy for the layers above through seismic isolation and 
below by blocking full reflection off the surface.  This leads to a modified CSR for other
layers at the site which can be difficult to determine.
4.3.3 Critical Layer Selection
Selection of the critical layer is an important step in estimating the seismic strength of a 
particular soil deposit. The criteria for selection is finding the strata of soil that is the 
weakest-link-in-the-chain from a liquefaction perspective.  Finding the weakest link 
requires observing the tip resistance and friction ratio in conjunction, with the addition of
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a SPT log, for soil classification, if one is available.  For most depositional environments
this can be a simple matter of looking for the smallest continuous stretch of tip resistance
with low friction ratio that agrees with the SPT log in terms of a liquefiable material.  It
can be a difficult proposal for fluvial depositional environments where the strata are thin,
interbedded, and discontinuous both horizontally and vertically.  A final criteria for
identifying a critical layer is comparing the suspect layers to previous correlations.  This
aids in the more difficult sites where determining which of multiple layers liquefied or
didn’t liquefy.
One issue that is not commonly addressed in liquefaction correlations is that the in situ
data is usually acquired post ground shaking.  Particularly for the liquefied cases, the soil
strength and properties have most likely been modified due to the process of liquefaction.
Chameau et al. (1991) looked at sites that were affected by the Loma Prieta Earthquake in
which previous CPT data existed.  Post event CPT data was acquired and compared to the 
pre-event CPT data.  They found that loose materials experienced the most alteration in
tip resistance due to the ground shaking and subsequent liquefaction.  This comes as no
surprise.  Recent work involving large scale liquefaction blast tests have and are being 
performed in Japan where pre- and post-liquefaction CPT measurements are made.
Hopefully this data will resolve the bias and allow for proper accounting of the changes
that occur within a liquefied layer.
If it can be assumed that tip resistance has a positive correlation with relative density for
clean sands (Schmertmann, 1978), then the greater the tip resistance the greater the 
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relative density.  In a critical state framework, given a constant confining stress, the 
higher the relative density (lower the void ratio) the less capacity the soil has for
contractive behavior.  Liquefaction is premised on this contractive behavior of soils.
Therefore, the closer a point lies to the limit-state or liquefaction boundary the less 
contractive it is, and the less pre- to post-liquefaction change in resistance it is likely to
experience.  On the non-liquefaction side of the limit-state it is assumed that the 
resistance is unmodified by the ground shaking because no liquefaction has occurred.
Another issue is that if a CSR value is determined for a liquefied site using the post-
liquefaction in situ measurements for site response analysis, the value may be slightly 
higher than pre-liquefaction conditions because of the stiffening that has occurred.
Given all these pre- and post-liquefaction considerations, it is conjectured that the limit-
state function is totally unaffected by post-liquefaction densification because: 
1.	 near the limit-state the soils are near the critical state (small state parameter) and 
therefore have not significantly densified,
2.	 non-liquefied soils will have no post-event densification and therefore are
unaffected by the event and will maintain there position near the limit-state.
The soils most affected by liquefaction, that will give vastly different post-event
resistance measurements are the loose or low tip resistance soils, and these have little 
impact on the limit-state function in a Bayesian-type analysis.
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4.3.4 Index Measurements 
Once the critical layer has been selected it is a matter of determining the appropriate 
statistics of the measurements within the layer.  Kulansingam, Boulanger, & Idriss (1999)
studied various procedures for estimating an average tip resistance over a standardized 
distance of cone travel.  They looked at different standardized distances and came to the 
conclusion that having a preset distance over which the resistance is averaged works 
poorly.
The approach used in this study was to let the depositional environment dictate.  Using 
the procedures described above for identifying the critical layer, the maximum distance 
over which the soil deposit lies is often apparent. The top and bottom depths are taken as
extrema.  The distribution of the tip and sleeve resistances are assumed to be normal, and 
the averages and standard deviations are calculated from a digitized form of the trace.
Raw sleeve and tip measurements are used to calculate the friction ratio in order to
eliminate aliasing that may have occurred in the field calculations.
Induced pore pressure can have an affect on the tip and sleeve measurements.  This affect
is pronounced in soils that respond in an undrained manner to the strain imposed by the
advancing cone (i.e. fine grained soils).  For most soils that are susceptible to
liquefaction, fully drained cone penetration is assumed (Lunne et al., 1997). Therefore,
in general, no pore pressure corrections are necessary for materials that are potentially
liquefiable. The assumption of fully drained response was checked using pore pressure
measurements, when available, for each site.
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4.3.5 Masked Liquefaction
In certain situations liquefaction may occur at depth but evidence may not reach the 
ground surface due to the monolithic or unified nature of overlying non-liquefiable strata.
This masked liquefaction situation was researched and presented by Ishihara (1985).  The 
results from that research are used to screen sites that are found to be liquefiable in terms 
of the index measurements, has overlying non-liquefiable material that fits the Ishihara
(1985) thickness criteria, showed no surface manifestation of liquefaction, and was
reported as a non-liquefied site.  For reference, at a site experiencing a low level of
ground shaking (PGA < 0.2 g) with a 2 m thick liquefiable layer, an overlying non-
liquefiable layer of approximately 2 m could eliminate all surface manifestation of
liquefaction.
4.3.6 Screening for Other Failure Mechanisms
Certain soil types are not susceptible to liquefaction but may deform via cyclic softening.
These soils may exhibit surface manifestations that can appear quite similar to what may
be observed in “classic” liquefaction, such as lateral spreading, and building tilting,
punching, and settlement.  However it has been shown that the failure mechanism is quite
different from liquefaction and is primarily a function asymmetrical driving shear stresses
(Kα). The soils that are susceptible to cyclic softening tend to have a high percentage of
fines and these fines will tend to behave in a plastic manner.  Several cases like this were 
observed in the 2001 Kocaeli, Turkey Earthquake and the 2001 Chi-Chi, Taiwan
Earthquake.  Since the limit-state and the overall correlation is based on “classic” 
liquefaction, it is not appropriate to include these cases in the analysis.
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A criteria for screening these cases is based on research of fines content and plasticity in
relation to liquefaction susceptibility (Andrews & Matin, 2000; Andrianopoulos et al.,
2001; Guo & Prakash, 1999; Perlea, 2000; Polito, 2001; Sancio et al., 2003; Yamamuro
& Lade, 1998, Youd & Gilstrap, 1999; to name a few).  The criteria for soils not 
susceptible to liquefaction used in this study are shown graphically in Figure 4.1.
4.3.7 Normalization
The tip and sleeve are normalized using the variable normalization scheme presented 
with this study in Chapter 3, on Normalization.  Note that the tip and sleeve values are
normalized equivalently which results in no change for a normalized friction ratio (Rf,1 = 
Rf). 
4.3.8 Thin Layer Correction
Thin layer corrections, if they were required, are performed using the method proposed in
this study in Chapter 2, on Thin Layer Correction.  Note that only 4% of the cases in the 
database required a thin layer correction.  For database purposes the thin layer correction
was limited to a maximum of 1.5 (Cthin ≤ 1.5).
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Figure 4.1   Screening criteria for failure mechanism other than liquefaction.
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4.3.9 Processed Strength Parameters
The result of this processing procedure is unbiased, statistically independent qc,1, fs,1, and
Rf values for the liquefied and non-liquefied cases.  These are mean resistance values and 
variances over the extent of the critical layer which have been normalized to one 
atmosphere and corrected for thin layer issue if required.
4.4 Stress Parameters 
4.4.1 Cyclic Stress Ratio 
The dynamic stress that the critical layer experienced is determined using the simplified 
uniform cyclic stress ratio as defined by Seed & Idriss (1971),
a max σvCSR = 0.65 ⋅ ⋅ ⋅ rd 
       (4.1)  
g σ ′v 
The CSR value calculated using Equation 4.1 is assumed to be the average or mean of a 
normally distributed random variable as in Equation 4.2.  The variance of CSR is
calculated via equation 4.3, where the coefficient of variation is equal to the standard
deviation divided by the mean.  Both Equation 4.2 and 4.3 are using first-order Taylor
series expansions about the mean point, including only the first two terms.
µa max µσv µCSR ≅ 0.65 ⋅ ⋅ ⋅ µrd 
       (4.2)  
g µσ ′ v 
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2 2 2 2 2δCSR ≅ δa max +δrd + δσv + δσ ′ v − 2 ⋅ ρσvσ ′ v ⋅δσv ⋅δσ ′ v 
   (4.3) 
Total and effective stress are correlated parameters, therefore the inclusion of the 
correlation coefficient term for these two variables is necessary.
4.4.2 Peak Ground Acceleration
The geometric mean of the peak ground acceleration is based on the best estimation of
ground shaking possible.  The methods of estimation are; strong motion recordings, site
response, calibrated attenuation relationships, adjustment of estimated site pga through
general site response modeling, and general attenuation relationships.  Using a calibrated 
attenuation relationship means using all available recordings to tune general attenuation
relationships for event-specific variations and azimuth specifics when recordings permit.
The coefficient of variation of the peak ground acceleration is fixed according to the 
method of ground shaking estimation;
• δ < 0.10 for sites with strong motion stations less than 100m from site,
• δ = 0.10 to 0.25 for sites with strong motion stations within 100 to 500m from
site or where site response analysis was performed using a nearby rock recording 
as input base motion ,  
• δ = 0.25 to 0.35 for sites with strong motion stations within 500m to 1000m
and/or estimates from calibrated attenuation relationships,
• δ = 0.35 to 0.5 for others.
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This is a subjective determination of the variance of the ground shaking but is based on
typical uncertainty bands from general attenuation relationships that have coefficient of
variations of between 0.3 and 0.5 (e.g. Abrahamson & Silva, 1997).
4.4.3 Total and Effective Stress 
The total and effective vertical stress are correlated variables and this correlation must be
accounted.  The critical layer is selected using the procedures outlined above.  From this
the total extent of the critical layer is used to calculate the mean and variance of the 
critical layer, assuming that it is normally distributed. The variance is estimated using a 6 
sigma approach, where the extrema of the layer are assumed to be three standard
deviations away from the mean on either side.  The total variance is then divided by six to
give an estimate of the standard deviation.
A deterministic estimate is made of the mean unit weight of the soil above and below the
water table.  The variance is based on statistical studies of the measured variability of soil
unit weight and is set at δ ≅ 0.1 (Kulhawy & Trautman, 1996).  The water table mean is
taken as the reported field measured value (with consideration given for the depth of
water table during the seismic event) and the variance is set at a fixed standard deviation
of σ = 0.3 m., a reasonable estimate of water table fluctuations given relatively stable
groundwater conditions.  An estimate of the total and effective vertical stresses, their
respective variances, and covariance can then be calculated using the expansion
Equations 4.4 through 4.9,
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µ ≅ µ ⋅ µh + µ ⋅ (µ − µ )       (4.4)  σv γ 1 w γ 2 h hw 
µ ≅ µ ⋅ µ + (µ −γ )⋅ (µ − µ )      (4.5)  σv ' γ 1 hw γ 2 w h hw 
2 2 2 2 2 2 2 2 2σ ≅ µ ⋅σ + (µ − µ ) ⋅σ + µ ⋅σ + (µ − µ ) ⋅σ   (4.6) σv hw γ 1 h hw γ 2 γ 2 h γ 1 γ 2 hw 
2 2 2 2 2 2 2 2 2σ ≅ µ ⋅σ + (µ − µ ) ⋅σ + (µ −γ ) ⋅σ + (µ + γ − µ ) ⋅σ (4.7) σv ' hw γ 1 h hw γ 2 γ 2 w h γ 1 w γ 2 hw 
2 2 2 2 2Cov [σv,σv'] ≅ (µ ⋅σ )+ (µ − µ ) (  ⋅ µ + γ − µ )⋅σ + (µ − µ ) ⋅σ + µ ⋅ (µ −γ )⋅σ 2 hw γ 1 γ 1 γ 2 γ 1 w γ 2 hw h hw γ 2 γ 2 γ 2 w h 
           (4.8)  
Cov [σv,σv']ρσ σ =        (4.9)  v v ' [ ]σ ⋅Var [ ]v'Var v σ 
4.4.4 Nonlinear Shear Mass Participation Factor (rd) 
The nonlinear shear mass participation factor accounts for nonlinear response within a 
soil column and reduces the peak ground acceleration at the surface to reflect the ground
acceleration that is experienced at the critical depth.  This factor, denoted as rd, has been 
derived from ground response analyses.  In recent work, 2,153 site response analyses
were run using 50 sites and 42 ground motions covering a comprehensive suite of
motions and soil profiles (Cetin &  Seed, 2000). This brute force approach allows for
careful statistical analysis of the median response given the depth, peak ground
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acceleration, moment magnitude, and indicative shear wave velocity of the site. The 
variance was estimated from the dispersion of these simulations.  The median values can
be estimated using Equations 4.10 and 4.11, and the variance from Equations 4.12 and 
4.13,
d < 65 ft (4.10)
⎡ 
− 9.147 − 4.173⋅ a + 0.652 ⋅ M 
⎤max w1+ 
⎢ 0.089⋅(−d −7.760⋅a +78.576) ⎥ 
⎣ 
10.567 + 0.089 ⋅e 
⎦ 
r (d , M , a ) = 
max 
±σ εd w max 
⎡ 
− 9.147 − 4.173 ⋅ PGA + 0.652 ⋅ M w ⎤ 
rd 
1+ 
⎢ 0.089⋅(−7.760⋅a +78.576) ⎥max 
⎣ 
10.567 + 0.089 ⋅ e 
⎦ 
d ≥ 65 ft (4.11)
⎡ 
− 9.147 − 4.173 ⋅ a + 0.652 ⋅ M 
⎤max w1 + 
⎢ 
0.089⋅(−d−7.760⋅a +78.576) 
⎥max 
⎣ 
10.567 + 0.089 ⋅ e 
⎦
rd (d , M w , amax ) = ±σε rd 
⎡ 
− 9.147 − 4.173 ⋅ a + 0.652 ⋅ M 
⎤max w1 + 
⎢ 
0.089⋅(−7.760⋅a +78.576) 
⎥max 
⎣ 
10.567 + 0.089 ⋅ e 
⎦ 
d < 40 ft
0.864σε rd (d ) = d ⋅ 0.00814 (4.12)
d ≥ 40 ft
0.864σε rd (d ) = 40 ⋅ 0.00814 (4.13)
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4.4.5 Moment Magnitude 
Moment magnitude is a value that is usually reported by seismological laboratories
following an event and iterated on for a week or two until the final value is set in stone.
Calculating the moment magnitude involves an inverse problem to determine the seismic
moment.  The uncertainty in these calculations comes from the non-unique inversion
based on seismograms that are recorded at various teleseismic stations.  The dimensions
of the fault plane and the amount of slip associated with larger magnitude events tend to
be easier to define than with smaller magnitude events.  A simple equation Equation 4.14,
based on the variance of a series of previous events (1989 Loma Prieta, 1994
Northridge,1999 Tehuacan, 1999 Kocaeli, 1999 Taiwan, 2001 Denali), was used to 
estimate this epistemic uncertainty,
σ Mw ≅ 0.5 − 0.45 ⋅ log( Mw)	       (4.14)  
4.5 Data Class 
After the case histories have been selected and processed they are classified according to
the quality of the informational content.  Four classes of data are used to group the data,
A through D, with D being substandard and therefore not included in the final database.
The criteria for the data classes are as follows:
 Class A
1.	 Original CPT trace with qc and fs/Rf, using a ASTM D3441 & D5778 spec.
cone.
2.	 No thin layer correction required
3.	 δCSR ≤ 0.20 
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Class B
1.	 Original CPT trace with qc and fs/Rf, using a ASTM D3441 & D5778 spec.
cone.
2.	 Thin layer correction.
3. 0.20 < δCSR ≤ 0.35 

Class C
 
1.	 Original CPT trace with qc and fs/Rf, but using a non-standard cone (e.g.
Chinese cone or mechanical cone).
2.	 No sleeve data but FC ≤ 5% (i.e. “clean” sand). 
3. 0.35 < δCSR ≤ 0.50 

Class D
 
1.	 Not satisfying the criteria for Classes A, B, or C.
4.6 Review Process 
The final step in processing the data is an extensive review procedure. Each case in the 
database is reviewed a minimum of three times.  A panel of qualified experts was
assembled to do the review, this included in addition to the author and Prof. Raymond B.
Seed; Prof. Jon Stewart, Prof. Les Youd, Dr. Rob Kayen, and Prof. Kohji Tokimatsu.  
Each case was reviewed by the author, Ray Seed, and at least one of the four independent
reviewers.  The objective was to remove as much human error and epistemic error from
the database as possible.
A final note on the review process includes the review of the analytical and statistical
procedures. The application of Bayesian analysis to SPT-based liquefaction triggering 
correlations and the techniques used was reviewed extensively by the Pacific Earthquake 
Engineering Research Center (PEER), and peer reviewed as journal publications in the 
Journal of Geotechnical and Geoenvironmental Engineering and the Journal of Structural
Reliability.  The CPT-based liquefaction triggering correlation, and the associated 
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Bayesian analysis and methodology, was also reviewed extensively by PEER at quarterly
meetings that included as a review panel Prof. Les Youd, Prof. Geoff Martin, and Prof. 
I.M. Idriss. 
It is the author’s belief that the power of the Bayesian framework in engineering 
application is to incorporate all forms of information and that the review process is one of
the more important and congenial steps in reducing epistemic uncertainty.
4.7 Conclusion
This chapter includes all the details and procedures used to process data for an unbiased 
liquefaction triggering correlation within a Bayesian framework.  The methods used to
generate the best estimates of the representative statistics for each parameter are 
presented in their entirety.  Figures 4.2 through 4.4 show the processed data in qc,1 vs.
CSR space.  The task of developing accurate and appropriate processing techniques was 
both important and involved, and the final correlation attests to the time well spent.
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Figure 4.2 Plot Showing Mean Location of Liquefied Data Points.
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Figure 4.3  Plot Showing Mean Location of Non-Liquefied Data Points.
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Figure 4.4 	 Plot Showing Mean Location of Both Liquefied (dots) and Non-
Liquefied (circles) Data Points.
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Chapter 5 

Reliability Analysis within a Bayesian Framework
 
5.1 Abstract 
A Bayesian framework allows for careful and thorough treatment of all types of
uncertainties associated with the vagaries of observed liquefaction/non-liquefaction.
Using a statistical framework and parameter estimation technique of this type permits the 
formulation and optimization of the model to be based on the underlying physics of the 
problem.  This chapter outlines procedures for parameter estimation using CPT (cone 
penetration test) data, and the development of probabilistic triggering correlations.  The 
results are curves of equal probability of seismic liquefaction triggering within
normalized load vs. resistance space, for CPT field measurements, which can be used in
performance-based engineering decisions
5.2 Introduction
Bayesian estimation techniques have enormous utility in engineering statistics.  Bayes
rule, which has a colored history in classical statistical fields, has found a home in the 
engineering decision process.  Some advantages of the statistical approach used in this
study are; full consideration of all types of uncertainties, the formulation of the limit-state
with respect to the underlying physics of the problem, the facility to incorporate
subjective information, and the ease of updating parameter estimation.  These advantages
not only produce a good estimation of the model parameters but also lead to a deeper
understanding of the problem at hand.
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5.3 Bayes Rule
Bayes rule is derived from simple rules of conditional probability, yet the simplicity
portends little of the power of the Bayesian technique.  Bayes rule can be written as (Box
& Tiao, 1992),
f (Θ) = c ⋅ L(Θ) ⋅ p(Θ) 
       (5.1)  
where L(Θ) = Likelihood function containing an unknown set of parameters Θ
p(Θ) = prior distribution
c = [ 
∫ 
L(Θ) ⋅ p(Θ) ⋅ d (Θ)]−1 = normalizing constant
f (Θ) = posterior distribution.
The likelihood function is proportional to the conditional probability of observing a
particular event given a set of parameters.  The likelihood function incorporates the 
objective information that, in this case, is the statistical measurements associated with
liquefaction/non-liquefaction.  The prior distribution can include subjective information
known about the distributions of the model parameters. The posterior distribution
incorporates both the objective and subjective information into the distributions of the 
model parameters.  The process of performing Bayesian updating involves formulating 
the likelihood function, selecting a prior, calculating the normalizing constant, and then
calculating the posterior statistics.
The prior distribution tends to be the most controversial issue for detractors of Bayesian 
methods.  Box & Tiao (1992) have shown that the use of a non-informative prior can lead 
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to a wholly unbiased estimate of model parameters.  A non-informative prior allows the 
data, through the likelihood function, to fully dictate the posterior distribution.  A non-
informative prior has no effect on the shape of the prior distribution, and is used when no
prior information about the parameters is available.
5.4 Uncertainties in Liquefaction/Non-Liquefaction Data
In all studies that involve empirical data, the quality of the data and rigor of data
processing is the dominant factor that affects the accuracy of the model.  In a 
probabilistic approach, carefully quantifying the uncertainty is of utmost importance.
The earthquake phenomenon of liquefaction/non-liquefaction is particularly suited for a 
probabilistic analysis because of the various associated uncertainties.
The uncertainty of a variable can be assessed in many ways.  If the variable is directly
measured (e.g. CPT tip and sleeve resistance) then some form of inherent variability and 
measurement error comprises the overall uncertainty.  If the variable is a function of
other independent variables (e.g. effective stress) then a combination of inherent
variability, measurement error, and model error is present.  Implicit in the quantification
of all these forms of uncertainty is some aspect of human error.  All these different types 
of uncertainty have been accommodated in this study.  Examples of how the uncertainty
is estimated for different cases are described below.
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5.4.1 Data Treatment
The cyclic stress that may (or may not) have caused liquefaction includes measured 
variables such as the intensity of the ground shaking at the site and the total and effective 
stress conditions in the ground.  The simplified procedure for evaluating stresses induced 
by earthquakes (Seed & Idriss, 1971) was used in this study,
τavg a max σvCSR = = 0.65 ⋅ ⋅ ⋅ rd 
     (5.2)  
σ ′v g σ ′v 
Each of these variables has an associated uncertainty.  The peak ground acceleration at
the site is based on the best estimation of ground shaking possible (e.g. strong motion
recordings, site response, calibrated attenuation relationships, adjustment of estimated
site PGA through general site response modeling, etc.).  A coefficient of variation (δ) 
ranging from 0.1 to 0.5, is prescribed depending on the method that is used to estimate
amax.  This is a subjective determination of the variance of the ground shaking but is based 
on typical uncertainty bands from general attenuation relationships (Abrahamson & 
Silva, 1997).
 The uncertainty associated with the nonlinear shear mass participation factor, rd, was
based on a brute force statistical method where 2,153 site response analyses were run
using 50 sites and 42 ground motions covering a comprehensive suite of motions and soil
profiles (Cetin et al., 2003). The variance was then taken from the dispersion of these 
simulations.
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The uncertainties associated with total and vertical effective stresses, σv and σv’, are 
functions of the uncertainties of the independent variables from which they are 
determined.  This lends to a first order approximation of the uncertainty about the mean
using a Taylor series expansion (Ang & Tang, 1975).  These two variables tend to be
cross-correlated, so their covariance was taken into account in estimating the uncertainty.
The variance of the cyclic stress ratio, CSR, is also determined using a series expansion.
The cyclic strength, or the cyclic resistance, of the soil in question is based on index tests.
The CPT index test is an in situ procedure that has been thoroughly studied.  Because this
index test have been carefully calibrated, the measurement error can be reasonably
estimated (Kulhawy & Trautman, 1996).
The results of the estimated means and standard deviations can then be plotted as in
Figure 5.1.  This figure shows the variability associated with each site depicted as one 
standard deviation error bars about the mean.  The relative spread or dispersion of the 
error indicates how much informational content each site holds.
5.5  Limit-State and Model Formulation
A general reliability formulation is based on a threshold called the limit-state function.
The limit-state function goes to zero where stress and strength are equal.  This defines 
two regions, one a failure region and the other a safe region.  The probability of failure is
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the integration of the joint probability density of the stress and the strength over the 
failure region (Der Kiureghian, 1999).
This limit-state can be defined in any manner that corresponds to the observations.  Some 
parameter estimation methods such as System Identification and Artificial Neural
Networks define the limit-state using a black box approach, optimizing a randomly
determined mathematical function for the given database.  This may give a good fit to a 
specific database but offers little or no insight into the fundamental phenomena
controlling the results.  The approach used in these studies was to define the limit-state 
using an understanding of the physics of liquefaction based on the theoretical
underpinnings of critical state theory, the knowledge garnered from laboratory
experiments, and past deterministic and probabilistic studies.
Using a limit-state that is grounded in an understanding of soil mechanics then makes the
model fitting a numerical experiment in liquefaction.  The limit-state is a generalized
mathematical model for separating liquefaction from non-liquefaction. By incorporating 
all pertinent variables and using the database as the litmus test, an optimum function can
be defined that then may give further insight into the soil behavior.
The limit-state function (g) is,
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g = gˆ + ε          (5.3)  
gˆ = q ⋅(1+θ ⋅ R ) + (θ ⋅ R ) + c ⋅(1+θ ⋅ R ) −θ ⋅ ln( CSR ) −θ ⋅ ln( M ) −θ ⋅ ln( σ ' ) −θc,1 1 f 2 f 3 f 4 5 w 6 v 7 
(5.4) 
where CSR is the simplified cyclic stress ratio, Mw is the moment magnitude, σv’ is the
effective stress, qc,1 is the corrected CPT tip resistance, Rf is the friction ratio, c is the
CPT normalization exponent, the θ’s are model parameters, and the ε is the model error
term.  The limit-state is the threshold between liquefaction (g≤0) and non-liquefaction
(g>0).  We are solving this generalized limit-state function for the unknown θ’s and ε. 
Including a large number of variables can aid in capturing interactions that may otherwise 
be opaque. Including the moment magnitude allows for regression of the duration
weighting factor, DWFM (a.k.a. magnitude scaling factor, MSF) directly from the
database.  Including friction ratio gives insight into how fine material affects a soil’s
liquefiability.   By including effective stress the importance and functional shape of Kσ 
can be assessed.
5.6 Bayesian Updating
The process of model parameter estimation, or testing the limit-state function against the
data, is accomplished through Bayesian updating.  According to Equation 5.1, to solve 
for the posterior distribution of the model parameters and model error term we must
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define the likelihood function, determine a prior distribution, and solve for the 
normalizing constant.
The likelihood function of seismic soil liquefaction initiation is the product of the
probabilities of observing k liquefied sites and n-k non-liquefied sites.  Thus,
k n 
⎡ ⎤L(Χ, Θ,ε )∝ P {gˆ(Χ ,Θ )+ ε ≤ 0} {gˆ(Χ , Θ )+ ε > 0} (5.5) 
I i
⎢ 
i i i I i i 
⎥ 
⎣ 
i=1 i=k +1 
⎦ 
where Χ are the observable or measurable variables and Θ are the unknown model
parameters. 
If we combine the uncertainty from the important variables and model error into a 
cumulative error term, σΣ, the likelihood function can be rewritten as,
k 
⎡ gˆ(Χ ,Θ )⎤ n ⎡ gˆ(Χ ,Θ )⎤i i i iL(Χ,Θ,σ Σ )∝∏Φ ⎢ − ⎥ ⋅∏Φ ⎢ ⎥    (5.6) 
i=1 
⎣ 
σ Σi 
⎦ 
i=k +1 
⎣ 
σ Σi 
⎦ 
where Φ is the standard normal cumulative distribution function.
A non-informative prior has been employed in this study, which allows likelihood
function to dominate the posterior distribution.  A non-informative prior distribution, by
definition, will have as little affect on the posterior distribution as possible.    The non­
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informative prior for a non-negative model parameter, should be uniform for ln(θ), which
results in p(θ ) ∝θ -1  (Box & Tiao, 1992).
Importance sampling was used to calculate the normalizing constant integral.  This is a 
Monte Carlo type simulation technique that efficiently approximates the complex integral
numerically.
 The posterior distribution describes the vital statistics of the model parameters and the 
error term.  Using the error term as a gage for model fit, various permutations of the 
model within the limits of the described physics were tried.  The objective was to
minimize the model error, thereby giving the best fit to the data.
5.7 Sampling Bias 
It has been recognized that a bias in the number of liquefied vs. non-liquefied data points
exists.  This bias can impact the results, resulting in an unbiased prediction.  Cetin et al.
(2002) explored this bias and presented a consistent method to account for what is called 
choice-based sampling bias as applied to the problem of liquefaction triggering using 
SPT (standard penetration test) data, which is an analog to this study.
The approach was based on Bayesian updating optimization, expert consensus, and 
sensitivity studies.  The likelihood function (Equation 5.6) is modified for the data
imbalance using a weighting factor (w),
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wliquefied wnon−liquefied k 
⎡ gˆ(Χ ,Θ )⎤ n ⎡ gˆ(Χ ,Θ )⎤i i i iL(Χ,Θ,σΣ ) ∝∏Φ − ∏Φ (5.7) 
⎢ ⎥ ⎢ ⎥ 
i=1 
⎣ 
σΣi 
⎦ 
i=k +1 
⎣ 
σΣi 
⎦ 
The weighting factor used in this study is w / w = 1.5 , based on Cetin et al. non -liquefied liquefied 
(2002) and consensus of the expert review panel that reviewed the CPT database.
5.8 Reliability Analysis
The probability of liquefaction is calculated from the posterior distribution determined in
the Bayesian updating.  It should be noted that the probability associated with Bayesian
methods is considered an expression of degree-of-belief, whereas in classical methods the 
probability is considered a measure of relative frequency. The probability of liquefaction
can be estimated by a summation of the probabilities of all possible combinations of
parameters that will define liquefaction.  For any given set of variables, Χ, this requires
integration over the liquefaction domain (g ≤ 0).  The result is,
P[gˆ(Χ,Θ) +ε ≤ 0]= ϕ(ε σε ) ⋅ f (Θ,σε ) ⋅ dε ⋅ dΘ⋅ dσε 
  Eq.  5.7  
∫ 
gˆ(Χ,Θ)+ε ≤0 
The solution of this requires multi-fold integration.  Good approximations of the resultant
probabilities were achieved using a MVFOSM (mean value first order second moment)
approach, because the failure surface was well behaved or not too strongly non-linear.
These results were validated using FORM (first order reliability method), SORM (second
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order reliability method), and Monte Carlo simulations as coded in the program CALREL
(Liu et al., 1989).
Contours of equal probability for the CPT are shown in Chapter 6.  These probabilistic 
correlations are unbiased and appropriate for use in performance-based analyses.
5.9 Summary
The Bayesian framework used in this study allowed for careful and thorough treatment of
all types of uncertainties associated with seismic soil liquefaction.  The underlying 
physics of the problem was incorporated into the limit-state fuction.  A process of
numerical experimentation was performed to find the optimum formulation within the
given physical bounds.  Presented herein, are the concepts and procedures for estimating
model parameters with Bayesian updating using CPT (cone penetration test) data, and the 
development of probabilistic liquefaction triggering correlations.
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Figure 5.1 Plot showing liquefaction (dots) and non-liquefaction (circles) data 
points with ±1 standard deviation error bars.
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Chapter 6 

Liquefaction Triggering Correlations 

6.1 Background
Liquefaction triggering correlations were first developed following the 1964 Niigata and 
Anchorage earthquakes.  Laboratory experimentation was used in discerning trends of the 
phenomena of liquefaction but failed to capture important in situ characteristics such as 
soil fabric and the effects of aging.  Researchers in Japan and the U.S. began 
characterizing the susceptibility of liquefiable material in relation to the standard
penetration test (SPT). The development of the simplified procedure for evaluation of 
seismically induced shear stresses (Seed & Idriss, 1971) allowed for a concise assessment 
of stresses within a particular soil layer.  Based on SPT data from past events of seismic 
liquefaction/non-liquefaction, correlations were developed. 
6.1.1 Deterministic Correlations 
The advent of the cone penetrometer gave rise to another index test that could be used for 
correlation purposes.  The advantages of the CPT are the continuous reading that it 
acquires of the soil profile and the high degree of standardization of testing equipment 
and procedures.  The first CPT triggering correlation was presented by Seed, Idriss, and 
Arrango (1983) and used an SPT-to-CPT conversion to present the results of the SPT 
correlation in CPT space.  The mapping of SPT to CPT was done because of the paucity
of CPT triggering data.  This method was used in subsequent studies with the addition of 
empirical data from other events, laboratory data, and the use of refined SPT-to-CPT 
78 
  
 
 
 
 
  
 
 
 
 
  
conversions (e.g. Robertson & Campenella, 1983; Olsen, 1984; Ishihara, 1985; 
Jamiolkowski et al., 1985; Seed & DeAlba, 1986; Franklin, 1986; Olsen & Koester, 
1995). 
The first work that used CPT directly as the primary index test was by Shibata & 
Teparaska (1988).  By this time there existed a sufficiently large field case history
database for an independent CPT correlation, however the fines content and grain size
analysis derived from SPT sampling was still used to group the data into appropriate bins.  
Subsequent studies followed this pattern of using CPT tip resistance and SPT fines 
measurements (e.g. Rongxiang & Zhaoji, 1995; Stark & Olson, 1995). 
The first wholly independent CPT-based correlation was presented by Suzuki et al. 
(1995). This work used both tip and sleeve resistance measurements from the CPT to 
determine the threshold for seismic liquefaction triggering.  Follow-on studies by other
researchers expanded the database and further developed the method of relying on CPT 
only measurements (e.g. Suzuki et al., 1997; Roberston and Wride, 1998).  This 
approach avoids using SPT-to-CPT conversions (which are rough approximations at 
best), and does not require additional fines content or grain size data from other forms of 
sub-surface sampling.
On the theoretical side, Mitchell & Tseng (1990), presented a correlation that was based 
on cavity expansion analyses, validated with laboratory cyclic simple shear and cyclic 
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triaxial testing data.  This work is valuable for bounding empirical results and providing a 
theoretical backbone. 
6.1.2 Probabilistic Correlations 
All the correlations discussed so far are of a deterministic nature.  However, the 
uncertainties associated with liquefaction can be large and the most accurate way to
present the threshold of liquefaction initiation and the associated uncertainties is in a
probabilistic manner.  The first researchers to explore the probability associated with the
phenomena of liquefaction were Christian & Swiger (1975) using SPT data converted to 
relative density and a form of discriminant analysis.  Other researchers have assessed the
probability of liquefaction triggering using SPT data and probabilistic methods such as 
logistic regression, artificial neural networks, and Bayesian analysis (e.g. Liao et al., 
1988; Youd & Noble, 1997; Toprak et al., 1999; Juan et al., 2000; and Cetin et al., 2003).  
The Bayesian work by Cetin et al. (2003) was a precursor to the CPT-based assessment 
presented herein.  
A probabilistic assessment of CPT-based triggering was first carried out by Reyna (1991) 
using discriminant analysis.  Further work using artificial neural networks has been
presented by Goh (1996) and Juang et al. (2000 & 2003). 
6.2 Database 
This CPT-based liquefaction field case history database consists of sites conforming to 
data classes A, B, and C which have been processed according to the techniques outlined
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in prior chapters. This database contains sites from 18 different earthquakes around the 
world that occurred from 1964 to 1999.  This comprises the most extensive collection of 
field case history data for CPT-based liquefaction correlations to date. 
More than 600 cases were studied, and 185 conforming to data classes A, B, and C were 
selected for use in development for use in development of the new correlations.  Cases of 
high uncertainty, and cases with other significant potential deficiencies were deleted from 
further consideration (see Chapter 4).  Table 6.1 presents the key variables for the 185 
cases carried forward.  Fuller descriptions of each case are presented in the Appendix.
The data is arranged by chronological order with all pertinent variables included.  The 
variance of each parameter is included as a ±1 standard deviation.  The mean water table 
measurements are shown, not shown is the variance of the water tables which was 
assumed to be 0.3 m for all sites.  Sites are described as liquefied or non-liquefied.  The 
normalization exponent is shown in the column labeled c; this variable was treated 
deterministically and therefore no variance is given. 
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Table 6.1  CPT-Based Liquefaction Triggering Database
EVENT Mw ± 
1964 Niigata 7.50 0.11 
SITE LIQ? DATA CRIT LAYER MEDIAN ± w.t. CSR ± qc,1 ± Rf ± c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Site D Y B 2.7 to 6.0 2.70 0.55 1.12 0.15 0.05 6.24 1.73 1.14 0.65 0.45 32.44 4.16 6.70 0.15 
Site E Y B 1.8 to 4.8 3.80 0.67 1.40 0.15 0.04 4.56 1.13 1.22 0.60 0.47 44.46 4.94 5.09 0.15 
Site F N B 1.7 to 2.2 1.95 0.08 1.70 0.11 0.02 9.39 8.97 1.40 1.81 0.38 29.50 2.38 9.95 0.11 
EVENT Mw ± 
1968 Inangahua 7.40 0.11 
SITE LIQ? DATA CRIT LAYER MEDIAN ± w.t. CSR ± qc,1 ± Rf ± c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Three Channel Flat Y C 0.5 to 2.5 1.50 0.33 0.10 0.48 0.19 2.84 0.96 1.39 0.70 0.53 15.27 3.37 3.89 0.47 
Reedy's Farm Y B 1.0 to 1.8 1.38 0.13 0.10 0.24 0.08 2.62 0.69 0.79 0.52 0.65 14.10 2.51 2.88 0.24 
EVENT Mw ± 
1975 Haicheng 7.30 0.11 
SITE LIQ? DATA CRIT LAYER MEDIAN ± w.t. CSR ±  qc,1 ± Rf ± c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Chemical Fiber Site Y C 7.8 to 12.0 9.90 0.75 1.52 0.13 0.06 1.37 0.64 0.76 0.43 0.85 97.14 7.28 1.55 0.12 
Const. Com. Bldg. Y C 5.5 to 7.5 6.50 0.33 1.52 0.14 0.05 0.77 0.14 1.37 0.27 0.92 67.60 4.94 1.39 0.13 
Guest House Y C 8.0 to 9.5 8.75 0.25 1.52 0.13 0.05 0.97 0.18 1.08 0.41 0.86 87.15 5.42 1.38 0.13 
17th Middle School Y C 4.5 to 11.0 7.75 1.08 1.52 0.14 0.06 0.92 0.29 1.02 0.44 0.87 75.34 8.40 1.29 0.13 
Paper Mill Y C 3 to 5 4.00 0.33 1.52 0.14 0.05 1.16 0.31 1.28 0.56 0.77 45.87 4.44 1.71 0.13 
EVENT Mw ± 
1976 Tangshan 8.00 0.09 
SITE LIQ? DATA CRIT LAYER MEDIAN ± w.t. CSR ± qc,1 ± Rf ± c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Tientsin Y24 Y C 3.5 to 4.5 4.00 0.17 0.20 0.11 0.05 3.64 0.32 0.72 0.15 0.70 38.12 3.34 3.77 0.12 
Tientsin Y28 Y C 1 to 3 2.00 0.33 0.20 0.11 0.05 2.78 0.87 0.78 0.33 0.68 19.74 3.13 2.96 0.12 
Tientsin Y21 Y C 4.5 to 5.25 4.88 0.13 1.00 0.09 0.04 0.97 0.42 2.50 1.84 0.76 51.61 4.02 2.08 0.10 
Tientsin Y29 Y C 2.8 to 3.8 3.30 0.17 1.00 0.09 0.04 1.93 0.22 0.91 0.59 0.74 37.14 2.80 2.16 0.10 
T1 Tangshan District Y C 4.1 to 5.8 4.95 0.45 3.70 0.26 0.11 5.95 1.29 0.38 0.38 0.75 70.69 4.26 7.04 0.29 
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EVENT Mw ± 
1976 Tangshan 8.00 0.09 
SITE 
DESCRIPTION 
LIQ? DATA 
CLASS 
CRIT LAYER 
(m) 
MEDIAN 
(m) 
±  w.t. 
(m) 
CSR ±  qc,1 
(MPa) 
± Rf 
(%) 
±  c σv ’ 
(kPa) 
± qc,1,mod 
(MPa) 
CSR* 
Tientsin Y21 Y C 4.5 to 5.25 4.88 0.13 1.00 0.09 0.04 0.97 0.42 2.50 1.84 0.76 51.61 4.02 2.08 0.10 
Tientsin Y29 Y C 2.8 to 3.8 3.30 0.17 1.00 0.09 0.04 1.93 0.22 0.91 0.59 0.74 37.14 2.80 2.16 0.10 
T1 Tangshan District Y C 4.1 to 5.8 4.95 0.45 3.70 0.26 0.11 5.95 1.29 0.38 0.38 0.75 70.69 4.26 7.04 0.29 
T2 Tangshan District Y C 2.3 to 4.3 3.30 0.23 1.30 0.36 0.15 3.79 1.56 0.38 0.38 0.78 39.18 2.93 3.79 0.39 
T8 Tangshan District Y C 4.5 to 6.0 5.25 0.25 2.00 0.33 0.14 8.03 3.68 0.38 0.38 0.72 61.87 3.54 8.03 0.36 
T10 Tangshan District Y C 6.5 to 9.8 8.15 0.55 1.45 0.34 0.15 5.90 1.01 0.38 0.38 0.75 84.77 5.92 5.90 0.37 
T19 Tangshan District Y C 2.0 to 4.5 3.25 0.42 1.10 0.19 0.08 8.00 1.74 0.38 0.38 0.69 38.17 3.71 8.00 0.21 
T22 Tangshan District Y C 7.0 to 8.0 7.50 0.17 0.80 0.19 0.08 8.83 2.21 0.38 0.38 0.70 76.25 4.90 8.83 0.21 
T32 Tangshan District Y C 2.6 to 3.9 3.25 0.23 2.30 0.11 0.05 5.63 0.75 0.38 0.38 0.74 50.13 3.63 5.63 0.12 
Tientsin F13 N C 3.1 to 5.1 4.10 0.33 0.70 0.10 0.04 1.63 0.35 2.62 0.74 0.60 42.45 3.66 2.85 0.11 
T21 Tangshan District N C 3.1 to 4.0 3.55 0.15 3.10 0.13 0.05 15.52 1.21 0.38 0.38 0.72 55.51 3.03 15.52 0.14 
T30 Tangshan District N C 5.0 to 8.0 6.50 0.50 2.50 0.08 0.04 14.92 1.64 0.38 0.38 0.65 76.76 4.78 14.92 0.09 
T36 Tangshan District N C 5.7 to 9.0 7.35 0.55 2.30 0.13 0.06 7.61 1.10 0.38 0.38 0.72 83.21 5.33 7.61 0.14 
EVENT Mw ± 
1977 Vrancea 7.20 0.11 
SITE 
DESCRIPTION 
LIQ? DATA 
CLASS 
CRIT LAYER 
(m) 
MEDIAN 
(m) 
±  w.t. 
(m) 
CSR ±  qc,1 
(MPa) 
± Rf 
(%) 
±  c σv ’ 
(kPa) 
± qc,1,mod 
(MPa) 
CSR* 
Site 2 N C 6.5 to 9.0 7.75 0.42 1.00 0.13 0.06 3.45 1.82 0.38 0.38 0.55 78.03 5.47 3.45 0.12 
EVENT Mw ± 
1979 Imperial Valley 6.50 0.13 
SITE LIQ? DATA CRIT LAYER MEDIAN ±  w.t. CSR ± qc,1 ±  Rf ±  c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Radio Tower B1 Y A 3.0 to 5.5 4.25 0.42 2.01 0.16 0.03 4.38 2.21 0.96 0.58 0.52 52.75 4.53 4.74 0.13 
McKim Ranch A Y A 1.5 to 4.0 2.75 0.42 1.50 0.44 0.07 4.61 1.48 1.13 0.40 0.52 35.49 4.38 5.34 0.36 
Kornbloom B N A 2.6 to 5.2 3.90 0.43 2.74 0.09 0.01 3.65 2.48 2.45 1.87 0.44 54.50 4.58 4.72 0.07 
Wildlife B N B 3.7 to 6.7 5.20 0.50 0.90 0.13 0.04 6.45 3.83 1.50 1.00 0.40 56.52 4.90 7.15 0.11 
Radio Tower B2 N A 2.0 to 3.0 2.50 0.17 2.01 0.12 0.02 8.59 5.47 1.41 1.12 0.40 36.66 3.71 9.18 0.10 
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EVENT Mw ± 
1980 Mexicali 6.20 0.14 
SITE LIQ? DATA CRIT LAYER MEDIAN ± w.t. CSR ± qc,1 ± Rf ± c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Delta Site2 Y B 2.2 to 3.2 2.70 0.17 2.20 0.14 0.04 7.28 1.33 0.04 0.01 0.90 39.30 4.19 7.28 0.10 
Delta Site3 Y B 2.0 to 3.8 2.90 0.30 2.00 0.15 0.04 3.14 0.56 0.78 0.20 0.65 39.37 4.46 3.35 0.11 
Delta Site3p Y B 2.2 to 3.8 3.00 0.27 2.20 0.14 0.04 3.19 0.96 0.93 0.31 0.58 41.75 4.40 3.50 0.11 
Delta Site4 Y B 2.0 to 2.6 2.30 0.10 2.00 0.13 0.04 5.28 0.46 0.81 0.10 0.53 34.46 4.08 5.49 0.10 
Delta Site1 N B 4.8 to 5.3 5.05 0.08 2.30 0.16 0.05 4.68 0.00 1.96 1.12 0.43 59.32 4.33 5.81 0.12 
EVENT Mw ± 
1981 Westmorland 5.90 0.15 
SITE LIQ? DATA CRIT LAYER MEDIAN ± w.t. CSR ± qc,1 ± Rf ± c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Wildlife B Y B 2.7 to 6.7 4.72 0.67 0.91 0.24 0.06 6.80 3.13 1.38 0.77 0.43 51.93 5.94 7.60 0.17 
Kornbloom B Y B 2.8 to 5.8 4.30 0.50 2.74 0.14 0.03 3.20 1.88 2.78 1.79 0.40 58.18 4.86 4.82 0.10 
Radio Tower B1 Y A 3.0 to 5.5 4.25 0.42 2.00 0.14 0.02 4.61 1.99 0.88 0.42 0.52 50.43 4.92 4.88 0.10 
McKim Ranch A N B 1.5 to 5.2 3.35 0.61 1.50 0.08 0.02 5.29 1.35 1.13 0.32 0.50 39.15 5.56 5.60 0.06 
Radio Tower B2 N A 2 to 3 2.50 0.17 2.01 0.12 0.02 9.52 4.57 1.36 0.73 0.40 36.17 4.17 10.07 0.08 
EVENT Mw ± 
1983 Nihonkai-Chubu 7.70 0.10 
SITE LIQ? DATA CRIT LAYER MEDIAN ± w.t. CSR ± qc,1 ± Rf ± c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Akita A Y C 0.8 to 6.5 3.50 0.97 0.78 0.18 0.08 5.44 3.38 2.01 2.66 0.40 37.48 6.60 6.64 0.18 
Akita B Y B 3.3 to 6.7 5.00 0.67 1.03 0.17 0.06 3.93 1.84 1.05 1.28 0.52 52.96 5.30 4.36 0.18 
Akita C N B 2.0 to 4.0 3.00 0.33 2.40 0.12 0.04 4.04 0.96 1.77 0.91 0.48 43.91 3.31 4.86 0.12 
EVENT Mw ± 
1983 Borah Peak 6.90 0.12 
SITE LIQ? DATA CRIT LAYER MEDIAN ± w.t. CSR ± qc,1 ± Rf ± c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Pence Ranch Y B 1.5 to 4.0 2.75 0.42 1.55 0.24 0.07 7.54 2.24 1.38 0.76 0.43 37.98 3.92 8.34 0.21 
Whiskey Springs Site 1 Y B 1.6 to 3.2 2.40 0.27 0.80 0.46 0.12 8.87 5.04 1.83 1.89 0.35 29.10 3.13 10.43 0.41 
  
 
 
 
 
 
 
 
 
  
85 
EVENT Mw ± 
1983 Borah Peak 6.90 0.12 
SITE LIQ? DATA CRIT LAYER MEDIAN ± w.t. CSR ± qc,1 ± Rf ± c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Whiskey Springs Site 2 Y B 2.4 to 4.3 3.35 0.32 2.40 0.34 0.09 6.60 3.03 3.90 3.11 0.32 50.01 3.57 10.18 0.30 
Whiskey Springs Site 3 Y B 6.8 to 7.8 7.30 0.17 6.80 0.24 0.07 7.80 2.07 2.58 1.65 0.33 120.45 5.03 9.70 0.21 
EVENT Mw ± 
1987 Edgecumbe 6.60 0.13 
SITE 
DESCRIPTION 
LIQ? DATA 
CLASS 
CRIT LAYER 
(m) 
MEDIAN 
(m) 
±  w.t. 
(m) 
CSR ± qc,1 
(MPa) 
±  Rf 
(%) 
±  c σv ’ 
(kPa) 
± qc,1,mod 
(MPa) 
CSR* 
Robinson Farm E. Y B 2.0 to 5.5 3.75 0.58 0.76 0.51 0.16 10.54 4.38 0.37 0.19 0.60 28.03 4.29 10.54 0.43 
Robinson Farm W. Y C 1.0 to 2.8 1.90 0.30 0.61 0.48 0.19 13.84 1.97 0.10 0.00 0.73 16.19 3.13 13.84 0.40 
Gordon Farm Y B 1.2 to 4.2 2.70 0.50 0.47 0.55 0.19 8.05 2.68 0.65 0.25 0.53 19.50 3.82 8.23 0.45 
Brady Farm Y C 6.4 to 8.0 7.70 0.27 1.65 0.37 0.13 3.09 1.07 0.97 0.37 0.52 58.35 4.97 3.60 0.31 
Morris Farm Y B 7.0 to 8.5 7.75 0.25 1.63 0.38 0.11 10.39 1.17 0.37 0.06 0.58 58.46 4.98 10.39 0.32 
Awaroa Farm Y B 2.3 to 3.3 2.80 0.17 1.15 0.36 0.09 11.36 2.20 1.10 0.25 0.38 26.06 3.04 12.01 0.30 
Keir Farm Y B 6.5 to 9.5 8.00 0.50 2.54 0.26 0.08 8.61 1.24 0.31 0.06 0.43 67.90 5.23 8.61 0.21 
James St. Loop Y B 3.4 to 6.8 5.10 0.57 1.15 0.31 0.09 9.08 3.00 0.56 0.24 0.53 39.15 4.58 9.14 0.26 
Landing Rd. Bridge Y B 4.8 to 6.2 5.50 0.23 1.15 0.30 0.08 10.57 2.07 0.32 0.07 0.63 41.43 4.06 10.57 0.25 
Whakatane Pony Club Y B 3.6 to 4.6 4.10 0.17 2.35 0.22 0.05 8.60 1.64 0.10 0.03 0.88 44.03 3.33 8.60 0.18 
Sewage Pumping Station Y B 2.0 to 8.0 5.00 1.00 1.29 0.28 0.09 7.47 2.34 0.30 0.21 0.67 39.81 5.94 7.47 0.23 
Whakatane Pipe Breaks Y B 5.0 to 5.9 5.45 0.15 2.50 0.32 0.08 7.77 1.57 0.39 0.12 0.40 53.04 3.69 7.77 0.26 
Gordon Farm N B 1.7 to 1.9 1.80 0.03 0.90 0.34 0.09 21.57 3.81 0.50 0.26 0.50 18.17 2.77 21.57 0.28 
Brady Farm N B 3.4 to 5.0 4.20 0.27 1.53 0.38 0.13 13.24 2.09 0.41 0.13 0.56 37.38 3.53 13.24 0.32 
Morris Farm N B 5.2 to 6.6 5.90 0.23 2.10 0.36 0.12 12.23 2.08 0.31 0.12 0.65 52.07 3.99 12.23 0.30 
Whakatane Hospital N B 4.4 to 5.0 4.70 0.10 4.40 0.15 0.04 17.05 2.25 0.49 0.09 0.50 65.51 3.90 17.05 0.13 
Whakatane Board Mill N B 7 to 8 7.50 0.17 1.44 0.27 0.10 10.73 2.94 0.43 0.17 0.63 55.36 4.85 10.73 0.23 
EVENT Mw ± 
1987 Elmore Ranch 6.20 0.14 
SITE 
DESCRIPTION 
LIQ? DATA 
CLASS 
CRIT LAYER 
(m) 
MEDIAN 
(m) 
± w.t. 
(m) 
CSR ± qc,1 
(MPa) 
±  Rf 
(%) 
±  c σv ’ 
(kPa) 
± qc,1,mod 
(MPa) 
CSR* 
Wildlife B N B 3.7 to 6.7 5.20 0.50 0.90 0.16 0.05 6.45 3.83 1.50 1.00 0.40 56.52 4.90 7.23 0.13 
  
 
 
 
 
 
 
 
 
 
 
   
 
  
 
 
 
  
 
  
  
  
86 
EVENT Mw ±  
1987 Superstition Hills 6.60 0.13 
SITE 
DESCRIPTION 
LIQ? DATA 
CLASS 
CRIT LAYER 
(m) 
MEDIAN 
(m) 
±  w.t. 
(m) 
CSR ±  qc,1 
(MPa) 
±  Rf 
(%) 
± c σv ’ 
(kPa) 
±  qc,1,mod 
(MPa) 
CSR* 
Wildlife B Y B 3.7 to 6.7 5.20 0.50 0.90 0.20 0.06 6.45 3.83 1.50 1.00 0.40 56.52 4.90 7.31 0.17 
EVENT Mw ±  
1989 Loma Prieta 7.00 0.12 
SITE 
DESCRIPTION 
LIQ? DATA 
CLASS 
CRIT LAYER 
(m) 
MEDIAN 
(m) 
±  w.t. 
(m) 
CSR ±  qc,1 
(MPa) 
±  Rf 
(%) 
± c σv ’ 
(kPa) 
±  qc,1,mod 
(MPa) 
CSR* 
SFOBB-1 Y A 6.25 to 7.0 6.75 0.13 2.99 0.17 0.01 5.63 0.73 0.66 0.13 0.66 90.64 3.90 5.76 0.16 
SFOBB-2 Y A 6.5 to 8.5 7.50 0.34 2.99 0.18 0.01 8.84 1.95 0.55 0.23 0.62 96.79 4.72 8.88 0.16 
P007-2 Y B 5.5 to 6.8 6.15 0.66 2.30 0.22 0.05 7.09 0.84 0.45 0.06 0.70 73.41 5.50 7.09 0.20 
P007-3 Y B 7.1 to 8.1 7.60 0.17 2.30 0.22 0.05 10.84 1.20 0.25 0.05 0.67 85.51 4.35 10.84 0.20 
POR-2 Y B 5.3 to 7.6 6.45 0.38 2.40 0.13 0.03 2.66 0.76 0.63 0.20 0.74 74.42 4.17 2.75 0.12 
POR-3 Y B 5.0 to 7.0 6.00 0.33 2.40 0.13 0.03 2.64 1.15 0.48 0.23 0.78 71.48 4.01 2.64 0.12 
POR-4 Y B 6.0 to 7.0 6.50 0.17 2.40 0.13 0.03 2.88 0.59 0.43 0.10 0.80 76.08 3.81 2.88 0.12 
Marine Lab. C4 Y A 5.2 to 5.8 5.50 0.10 2.50 0.20 0.03 2.92 0.58 0.51 0.16 0.78 66.32 3.19 2.93 0.18 
Marine Lab. UC-7 Y B 7.6 to 9.8 8.30 0.50 2.00 0.20 0.05 4.90 1.53 1.20 0.57 0.55 86.75 5.68 5.49 0.18 
Sandholdt Rd. UC-4 Y A 2.4 to 4.6 3.50 0.37 2.70 0.23 0.03 11.66 8.81 0.44 0.36 0.60 48.55 2.99 11.66 0.21 
Moss Landing State Beach 14 Y A 2.4 to 4.0 3.20 0.27 2.40 0.21 0.03 7.91 1.15 0.55 0.10 0.65 44.55 3.86 7.95 0.19 
Woodward Marine UC-11 Y B 2.5 to 3.4 2.85 0.15 2.50 0.20 0.04 9.40 1.71 0.48 0.10 0.64 43.22 3.88 9.40 0.18 
Harbor Office UC-12 & 13 Y B 2.9 to 4.7 3.80 0.30 1.90 0.20 0.07 8.98 5.23 0.58 0.36 0.56 47.86 4.24 9.04 0.19 
Marine Lab. C4 Y A 5.2 to 5.8 5.50 0.10 2.50 0.20 0.03 2.92 0.58 0.51 0.16 0.78 66.32 3.19 2.93 0.18 
Marine Lab. UC-7 Y B 7.6 to 9.8 8.30 0.50 2.00 0.20 0.05 4.90 1.53 1.20 0.57 0.55 86.75 5.68 5.49 0.18 
T.I. Naval Station Y B 3.5 to 7.0 5.25 0.58 1.50 0.14 0.04 5.05 1.91 0.85 0.50 0.60 60.64 4.67 5.30 0.13 
Farris Farm Site Y A 6.0 to 7.0 6.50 0.17 4.50 0.28 0.05 4.44 0.52 0.71 0.10 0.67 87.13 3.87 4.64 0.25 
Miller Farm CMF 8 Y A 6.8 to 8.0 7.40 0.20 4.91 0.25 0.03 4.83 0.94 0.25 0.20 0.81 98.99 4.16 4.83 0.23 
Miller Farm CMF 10 Y A 7.0 to 9.7 8.65 0.45 3.00 0.37 0.06 4.80 2.41 1.93 0.99 0.45 99.92 5.36 6.34 0.34 
Miller Farm CMF 5 Y A 5.5 to 8.5 7.00 0.51 4.70 0.29 0.04 7.13 1.57 0.49 0.20 0.63 99.84 5.18 7.13 0.26 
Miller Farm CMF 3 Y A 5.75 to 7.50 6.50 0.29 3.00 0.26 0.04 3.27 1.44 0.72 0.44 0.71 95.70 4.46 3.47 0.24 
Model Airport 18 Y B 3.7 to 4.5 4.10 0.13 2.40 0.22 0.06 8.93 1.45 0.35 0.09 0.72 54.02 2.90 8.93 0.20 
Model Airport 21 Y B 3.4 to 4.7 4.05 0.22 2.40 0.22 0.06 8.38 2.54 0.30 0.11 0.74 53.56 3.07 8.38 0.20 
Farris 58 Y B 7.4 to 8.0 7.70 0.10 4.80 0.19 0.06 8.54 0.35 0.48 0.02 0.67 103.45 4.18 8.54 0.17 
  
 
  
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
87 
EVENT Mw ±  
1989 Loma Prieta 7.00 0.12 
SITE 
DESCRIPTION 
LIQ? DATA 
CLASS 
CRIT LAYER 
(m) 
MEDIAN 
(m) 
±  w.t. 
(m) 
CSR ± qc,1 
(MPa) 
±  Rf 
(%) 
±  c σv ’ 
(kPa) 
± qc,1,mod 
(MPa) 
CSR* 
Farris 61 Y B 6.0 to 7.3 6.65 0.22 4.20 0.20 0.06 4.27 0.58 0.81 0.12 0.64 86.39 3.92 4.53 0.18 
Granite Const. 123 Y B 7.2 to 7.8 7.50 0.10 5.00 0.18 0.06 4.36 0.28 0.50 0.16 0.73 102.98 4.17 4.36 0.17 
Jefferson 121 Y B 6.5 to 7.75 7.13 0.21 3.40 0.12 0.04 6.10 0.97 0.45 0.08 0.71 90.33 4.14 6.10 0.11 
Jefferson 141 Y B 3.1 to 4.5 3.80 0.23 2.10 0.13 0.04 3.02 0.75 0.83 0.26 0.70 50.27 3.20 3.25 0.12 
Jefferson 148 Y B 7.0 to 7.9 7.45 0.15 3.00 0.12 0.04 7.20 1.81 0.38 0.11 0.72 94.12 4.22 7.20 0.11 
Jefferson Ranch 32 Y B 2.3 to 3.1 2.70 0.13 1.80 0.13 0.03 5.22 0.77 0.31 0.05 0.79 37.07 2.55 5.22 0.11 
Kett 74 Y B 2.3 to 3.1 2.70 0.13 1.50 0.26 0.07 8.08 0.88 1.20 0.31 0.46 36.38 2.55 8.74 0.24 
Leonardini 39 Y B 2.3 to 4.7 3.50 0.40 1.90 0.14 0.04 6.07 1.88 0.16 0.05 0.87 45.10 3.58 6.07 0.12 
Leonardini 51 Y B 3.1 to 3.7 3.40 0.10 1.80 0.14 0.04 2.39 0.32 0.48 0.08 0.81 43.50 2.63 2.39 0.13 
Leonardini 53 Y B 2.7 to 3.6 3.15 0.15 2.10 0.13 0.03 6.65 0.82 0.28 0.11 0.78 44.82 2.73 6.65 0.11 
Marinovich 65 Y B 6.8 to 9.4 8.60 0.60 5.60 0.21 0.06 6.33 0.48 0.67 0.10 0.65 121.47 6.07 6.48 0.19 
Radovich 99 Y B 4.75 to 6.9 4.83 0.18 4.10 0.19 0.05 6.37 0.93 0.74 0.15 0.62 72.26 3.54 6.57 0.17 
Sea Mist 31 Y B 2.8 to 3.7 3.25 0.15 0.80 0.18 0.05 2.67 0.79 0.53 0.19 0.76 36.29 2.80 2.69 0.16 
Silliman 68 Y B 4.7 to 7.1 5.90 0.40 3.50 0.22 0.06 5.56 0.35 0.69 0.05 0.64 79.83 4.28 5.73 0.20 
SP Bridge 48 Y B 6.0 to 7.5 6.75 0.25 5.30 0.21 0.06 3.95 0.73 0.95 0.19 0.61 100.15 4.38 4.34 0.19 
Alameda Bay Farm Is. N A 5 to 6 5.50 0.17 2.50 0.16 0.03 7.85 2.98 2.15 0.89 0.34 74.32 3.56 9.11 0.15 
MBARI 3 RC-6 N A 3.0 to 4.5 3.75 0.25 2.60 0.18 0.03 21.48 1.39 0.21 0.06 0.74 52.74 3.05 21.48 0.16 
MBARI 3 RC-7 N A 4.0 to 5.0 4.50 0.17 3.70 0.16 0.02 12.35 0.81 0.30 0.06 0.70 66.95 3.24 12.35 0.14 
Sandholdt Rd. UC2 N A 3.0 to 4.5 3.75 0.25 2.70 0.18 0.03 25.55 7.61 0.30 0.10 0.65 50.90 3.51 25.55 0.16 
General Fish CPT-6 N A 2.2 to 3.2 2.70 0.17 1.70 0.19 0.03 18.06 2.78 0.32 0.06 0.70 39.09 3.74 18.06 0.17 
MBARI 4 CPT-1 N A 2.3 to 3.5 2.90 0.20 1.90 0.19 0.03 18.79 1.99 0.28 0.06 0.70 38.27 3.28 18.79 0.17 
Sandholdt Rd. UC-6 N A 6.2 to 7.0 6.60 0.13 2.70 0.19 0.03 20.99 0.68 0.30 0.05 0.70 85.64 4.26 20.99 0.17 
Moss Landing State Beach 18 N A 2.4 to 3.4 2.90 0.17 2.40 0.17 0.03 18.94 1.38 0.27 0.05 0.72 43.50 3.32 18.94 0.15 
Leonardini 37 N B 2.9 to 6.1 4.50 0.53 2.50 0.13 0.04 5.81 1.34 0.35 0.09 0.74 58.38 4.39 5.81 0.12 
Leonardini 52a N B 3.8 to 4.5 4.15 0.12 2.70 0.12 0.03 3.82 1.07 1.17 0.67 0.60 58.60 2.94 4.27 0.11 
Martella 111 N B 1.7 to 5.1 3.40 0.57 1.70 0.12 0.04 5.16 0.98 0.47 0.10 0.71 43.50 4.29 5.16 0.11 
McGowan Farm 136 N B 2.4 to 3.1 2.75 0.13 2.40 0.18 0.05 6.00 0.58 1.07 0.12 0.57 42.92 2.74 6.46 0.17 
Marinovich 67 N B 6.2 to 7.0 6.60 0.13 6.20 0.18 0.05 14.21 1.03 0.70 0.06 0.55 109.48 4.57 14.37 0.16 
Radovich 98 N B 5.1 to 8.75 6.93 0.61 3.50 0.24 0.07 8.33 1.74 0.68 0.30 0.60 90.94 5.53 8.50 0.21 
Salinas River Bridge 117 N B 6.4 to 7.4 6.90 0.17 6.40 0.08 0.02 5.31 0.79 1.64 0.39 0.46 109.07 4.71 5.89 0.07 
Tanimura 105 N B 4.2 to 6.8 5.50 0.43 4.20 0.11 0.03 4.56 0.41 0.41 0.05 0.75 79.54 4.35 4.56 0.10 
  
 
 
  
 
  
  
  
 
 
 
  
 
 
88 
EVENT Mw ±  
1994 Northridge 6.70 0.13 
SITE LIQ? DATA CRIT LAYER MEDIAN ± w.t. CSR ±  qc,1 ±  Rf ±  c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Balboa Blvd. Unit C Y A 8.3 to 9.8 9.00 0.25 7.19 0.36 0.04 6.43 3.63 2.58 1.62 0.33 144.99 5.59 8.65 0.30 
Malden St.t Unit D Y B 9.2 to 10.7 9.95 0.25 3.90 0.29 0.09 2.98 1.42 2.36 1.28 0.45 110.45 5.45 4.81 0.25 
Potrero Canyon Unit C1 Y A 6 to 7 6.50 0.17 3.30 0.25 0.04 6.52 2.51 1.08 0.49 0.50 91.27 3.92 7.06 0.21 
Wynne Ave. Unit C1 Y A 5.8 to 6.5 6.13 0.13 4.30 0.35 0.03 8.96 5.77 1.13 0.87 0.42 94.85 3.38 9.63 0.30 
Rory Lane Y A 3 to 5 4.00 0.33 2.70 0.50 0.10 4.78 0.59 1.80 0.90 0.45 53.85 3.66 6.34 0.43 
EVENT Mw ±  
1995 Hyogoken-Nanbu 7.20 0.11 
SITE 
DESCRIPTION 
LIQ? DATA 
CLASS 
CRIT LAYER 
(m) 
MEDIAN 
(m) 
±  w.t. 
(m) 
CSR ±  qc,1 
(MPa) 
± Rf 
(%) 
± c σv ’ 
(kPa) 
± qc,1,mod 
(MPa) 
CSR* 
Dust Management Center Y B 6 to 8 7.00 0.33 2.00 0.31 0.11 7.83 2.53 0.49 0.20 0.64 70.45 4.92 7.83 0.29 
Imazu Elementary School Y C 8.0 to 12.0 10.00 0.67 1.40 0.40 0.17 0.80 0.19 0.80 0.34 0.90 101.43 7.23 1.14 0.37 
Koyo Junior High School Y B 6.5 to 7.5 7.00 0.17 4.00 0.28 0.10 8.03 0.54 1.24 0.87 0.50 95.07 3.96 8.76 0.27 
Kobe Customs Maya Office A Y B 4 to 9 6.50 0.17 1.80 0.45 0.16 2.93 0.34 0.40 0.13 0.78 75.24 3.97 2.93 0.43 
Kobe Customs Maya Office B Y B 3 to 6 4.50 0.17 1.80 0.48 0.15 6.98 0.73 0.87 0.17 0.54 55.86 3.12 7.41 0.45 
Kobe Port Const. Office Y B 3 to 5 4.00 0.13 2.50 0.42 0.13 5.99 1.15 0.29 0.11 0.76 55.79 2.91 5.99 0.40 
Koyo Pump Station Y B 5 to 6 5.50 0.17 2.60 0.33 0.11 2.38 0.57 1.75 0.82 0.65 71.00 3.41 3.68 0.31 
Kobe Wharf Public Co. Y B 4.0 to 5.5 4.75 0.25 2.10 0.35 0.12 6.03 0.74 0.78 0.40 0.65 60.33 3.41 6.33 0.33 
Koyo Elementary School Y B 6.5 to 7.0 6.75 0.17 4.20 0.28 0.10 2.93 1.44 2.17 1.50 0.54 94.01 3.91 4.56 0.26 
Mizukasa Park Y C 6.9 to 7.9 7.40 0.17 2.00 0.45 0.16 1.63 0.60 0.99 0.48 0.75 85.33 4.36 2.19 0.43 
Shiporex Kogyo Osaka Factory Y B 4.0 to 7.0 5.50 0.33 1.50 0.37 0.12 3.93 2.18 0.41 0.24 0.74 54.71 4.44 3.93 0.34 
Hamakoshienn Housing Area Y B 2.5 to 5.0 3.75 0.42 2.00 0.38 0.13 7.00 1.51 0.65 0.22 0.59 49.96 3.85 7.16 0.36 
Taito Kobe Factory Y B 3.2 to 4.2 3.70 0.17 1.60 0.39 0.13 4.85 0.86 0.39 0.12 0.75 42.13 3.38 4.85 0.36 
Tokuyama Concrete Factory Y B 4.0 to 4.8 4.40 0.13 2.00 0.40 0.13 2.55 0.88 0.40 0.19 0.80 50.98 3.48 2.55 0.38 
Nisseki Kobe Oil Tank A Y B 4.8 to 6.1 5.45 0.22 2.40 0.43 0.14 5.30 1.31 0.61 0.36 0.72 69.15 3.53 5.42 0.41 
Nisseki Kobe Oil Tank B Y B 5.0 to 6.0 5.50 0.17 2.40 0.43 0.14 6.25 1.34 0.74 0.27 0.70 69.64 3.42 8.65 0.41 
New Port No. 6 Pier Y B 3.5 to 5.5 4.00 0.33 2.50 0.42 0.14 9.47 1.60 0.43 0.11 0.70 55.79 3.55 4.81 0.40 
Minatojima Junior High Y B 4.0 to 4.5 4.25 0.08 2.70 0.32 0.10 4.71 1.35 0.94 0.42 0.65 59.57 2.91 7.06 0.30 
New Wharf Const.Offices Y B 3.2 to 3.8 3.50 0.10 2.60 0.31 0.10 3.56 0.81 0.93 0.64 0.64 51.62 2.78 9.63 0.29 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
89 
EVENT Mw ± 
1995 Hyogoken-Nanbu 7.20 0.11 
SITE LIQ? DATA CRIT LAYER MEDIAN ±  w.t. CSR ±  qc,1 ±  Rf ± c σv ’ ± qc,1,mod CSR* 
DESCRIPTION CLASS (m) (m) (m) (MPa) (%) (kPa) (MPa) 
Fukuzumi Park N C 11.0 to 12.5 11.75 0.33 3.10 0.35 0.18 17.09 3.45 1.42 0.57 0.40 115.94 6.85 18.06 0.33 
Honjyo Central Park N B 4.0 to 6.0 5.00 0.33 2.50 0.48 0.16 17.30 3.75 0.60 0.25 0.56 70.48 3.98 17.42 0.45 
Kobe Art Institute N B 3.5 to 3.8 3.65 0.05 3.00 0.32 0.10 13.64 5.38 1.90 1.31 0.33 57.62 2.86 15.08 0.30 
Yoshida Kogyo Factory N B 3 to 5 4.00 0.33 3.00 0.33 0.11 9.43 7.22 2.71 2.73 0.34 59.19 3.64 11.72 0.31 
Shimonakajima Park N B 3.0 to 4.5 3.75 0.17 2.00 0.50 0.16 19.49 0.80 0.73 0.43 0.53 46.11 3.38 19.77 0.47 
Sumiyoshi Elementary N B 2.4 to 3.2 2.80 0.13 1.90 0.43 0.14 17.35 4.20 0.66 0.31 0.54 38.09 3.15 17.53 0.41 
Nagashi Park N B 1.1 to 1.8 1.45 0.12 1.00 0.49 0.16 14.51 4.31 1.05 0.49 0.51 21.59 2.32 15.16 0.46 
EVENT Mw ± 
1999 Kocaeli 7.40 0.11 
SITE 
DESCRIPTION 
LIQ? DATA 
CLASS 
CRIT LAYER 
(m) 
MEDIAN 
(m) 
± w.t. 
(m) 
CSR ±  qc,1 
(MPa) 
± Rf 
(%) 
± c σv ’ 
(kPa) 
± qc,1,mod 
(MPa) 
CSR* 
Hotel Spanca SH-4 Y B 1.2 to 2.0 1.60 0.13 0.50 0.41 0.12 3.25 1.41 0.45 0.29 0.70 17.31 2.31 3.25 0.40 
Soccer Field SF-5 Y B 1.2 to 2.4 1.80 0.20 1.00 0.34 0.10 2.97 1.84 1.17 0.86 0.55 22.45 2.48 3.66 0.33 
Police Station Site Y B 1.8 to 2.8 2.30 0.17 1.00 0.36 0.10 2.33 0.47 1.89 0.55 0.54 26.80 2.48 3.82 0.35 
Yalova Harbor YH-3 Y B 3.0 to 4.5 3.75 0.25 1.00 0.39 0.11 8.10 0.66 0.43 0.07 0.57 39.40 3.12 8.10 0.38 
Adapazari Site B Y B 3.3 to 4.3 3.80 0.17 3.30 0.25 0.07 5.77 2.62 0.77 0.42 0.65 55.50 3.10 6.03 0.25 
Adapazari Site C2 Y B 3.3 to 4.8 4.05 0.25 0.44 0.44 0.13 3.22 1.87 1.03 0.76 0.64 38.19 3.41 3.84 0.43 
Adapazari Site D Y B 1.8 to 2.5 2.15 0.12 1.50 0.30 0.08 3.54 1.82 0.58 0.40 0.75 28.90 2.39 3.61 0.29 
Adapazari Site E Y B 1.5 to 3.0 2.25 0.25 0.50 0.43 0.13 5.95 2.76 0.41 0.27 0.73 22.96 2.75 5.95 0.42 
Adapazari Site F Y B 6.8 to 8.0 7.40 0.20 0.50 0.38 0.12 4.13 1.44 0.91 0.39 0.53 67.71 5.01 4.58 0.38 
Adapazari Site G Y B 1.5 to 2.7 2.10 0.20 0.45 0.43 0.13 5.03 1.28 0.32 0.17 0.84 21.31 2.58 5.03 0.43 
Adapazari Site H Y B 2 to 3 2.50 0.17 1.72 0.30 0.08 5.55 2.03 0.58 0.31 0.68 33.44 2.56 5.63 0.29 
Adapazari Site I Y B 3.0 to 3.5 3.25 0.08 0.71 0.42 0.11 3.85 1.04 0.56 0.32 0.72 33.08 2.69 3.92 0.41 
Adapazari Site J Y B 2.5 to 3.5 3.00 0.17 0.60 0.43 0.12 3.77 1.41 0.80 0.46 0.65 30.16 2.75 4.11 0.42 
Adapazari Site K Y B 2 to 3 2.50 0.17 0.80 0.39 0.11 4.19 1.64 0.91 0.49 0.62 27.17 2.55 4.64 0.39 
Adapazari Site L Y B 2.0 to 2.8 2.38 0.13 1.72 0.29 0.08 2.61 1.24 0.57 0.36 0.75 32.35 2.46 2.68 0.29 
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EVENT Mw ±  
1999 Chi-Chi 7.60 0.10 
SITE 
DESCRIPTION 
LIQ? DATA 
CLASS 
CRIT LAYER 
(m) 
MEDIAN 
(m) 
± w.t. 
(m) 
CSR ± qc,1 
(MPa) 
±  Rf 
(%) 
±  c σv ’ 
(kPa) 
± qc,1,mod 
(MPa) 
CSR* 
Nantou Site C Y B 2.0 to 4.5 3.25 0.42 1.00 0.36 0.10 4.46 2.07 1.11 0.62 0.56 36.68 3.65 5.11 0.37 
WuFeng Site B Y B 2.5 to 5.0 4.25 0.42 1.12 0.59 0.15 3.22 1.19 0.96 0.61 0.55 46.68 3.92 3.80 0.61 
WuFeng Site C Y B 2.5 to 5.5 4.00 0.50 1.20 0.59 0.16 3.16 0.73 1.84 1.33 0.65 44.93 4.19 4.85 0.60 
WuFeng Site A Y B 5.5 to 8.5 7.00 0.50 0.80 0.56 0.16 0.99 0.38 2.14 0.66 0.75 69.78 5.46 3.01 0.57 
Yuanlin C-19 Y B 4.0 to 5.8 6.50 0.30 0.57 0.25 0.07 2.78 0.54 1.08 0.29 0.67 63.62 4.71 3.33 0.26 
Yuanlin C-2 Y B 2.5 to 4.0 3.25 0.25 0.56 0.27 0.07 4.95 1.55 0.49 0.28 0.75 33.68 3.11 4.95 0.27 
Yuanlin C-22 Y B 2.8 to 4.2 3.50 0.23 1.13 0.24 0.06 5.17 0.70 0.46 0.17 0.70 39.86 3.01 5.17 0.24 
Yuanlin C-24 Y B 5.2 to 7.8 6.20 0.33 1.20 0.24 0.06 5.33 1.24 0.60 0.26 0.75 65.15 4.39 5.42 0.24 
Yuanlin C-25 Y B 9.5 to 12 10.75 0.42 3.52 0.17 0.06 6.83 0.97 0.80 0.19 0.61 122.76 6.11 7.07 0.17 
Yuanlin C-32 Y B 4.5 to 7.5 6.00 0.50 0.74 0.25 0.07 4.83 1.49 0.62 0.27 0.70 60.18 5.03 4.95 0.26 
Yuanlin C-4 Y B 3 to 6 4.50 0.50 0.66 0.26 0.07 4.60 1.09 1.30 1.34 0.55 45.85 4.47 5.36 0.27 
WuFeng Site C-10 Y B 2.5 to 7.0 4.75 0.75 1.00 0.60 0.18 2.52 1.36 2.18 2.16 0.58 50.46 5.65 4.65 0.61 
Nantou Site C-8 Y B 5 to 9 7.00 0.67 1.00 0.35 0.10 3.31 0.34 2.08 0.40 0.55 71.14 6.03 4.98 0.35 
Nantou Site C-7 Y B 2.5 to 4.5 3.50 0.33 1.00 0.37 0.09 2.31 0.87 0.57 0.43 0.76 38.98 3.38 2.39 0.37 
Nantou Site C-3 & C-16 Y C 12 to 16 14.00 0.67 1.00 0.26 0.11 1.21 0.23 1.96 1.13 0.74 135.47 9.53 2.60 0.27 
Yuanlin C-3 N C 10 to 13 11.50 0.50 1.79 0.19 0.07 6.74 0.83 0.30 0.14 0.77 123.62 7.44 6.74 0.19 
  
 
  
  
  
 
 
 
 
  
 
 
 
6.3 Probabilistic Presentation of Results 
A probabilistic triggering correlation was developed using the Bayesian updating
methodology described in Chapter 5.  Thirty seven different models for adjustment of 
CPT tip resistance for effects of “fines” were carried forward, including all previously
existing models, and the final model selected was the one providing optimal overall “fit”
(and least variance) based on the field case history database. 
The overall results are presented in Figure 6.1.  This plot shows contours of equal 
probability in qc,1 vs. CSR space, for Mw=7.5 and σv’=1 atm.  The median line is the 
limit-state or threshold, equivalent to a 50% probability of liquefaction.    
It has been recognized that a disparity exists between the number of liquefied vs. non-
liquefied data points exists.  This disparity can bias the resultant limit-state.  Cetin et al. 
(2002) explored this bias and presented a consistent method to account for what is called 
choice-based sampling bias as applied to the problem of liquefaction triggering.  The 
same methodology was used in this study.  Figure 6.2 shows the shift in the limit-state 
when accounting for this choice-based sampling bias.
Figure 6.3 shows the same contours, at this time plotted in qc,1,mod vs. CSR space, again 
for Mw=7.5 and σv’=1 atm .  In this plot the data points have been adjusted for the effects 
that the “fines” have on the limit-state, in other words this is a “clean-sand-based”
representation of the results.  The word “fines” is in quotes because, for the CPT, it is not 
a measure of the fines content of the soil, rather the effect of increasing sleeve frictional
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resistance on soil liquefiability.  The frictional resistance is assessed by a combination of
the friction ratio (Rf) and the normalization constant (c).  The parameter qc,1,mod  is 
essentially analogous to a fines corrected SPT blow count (N1,60,CS). 
Comparison of the probabilistic results against some of the more common CPT 
correlations is shown in Figures 6.4 and 6.5. 
6.4 Deterministic Presentation of Results 
Shown in Figure 6.6 is plot of constant friction ratio (Rf) contours, at PL=15% for 
Mw=7.5 and σv’=1 atm.  Data with Rf ≤ 0.5% are shown as circles and dots, and Rf > 
0.5% are shown as solid and hollow diamonds, this separates the database into “clean” 
and “dirty” soils.  This figure is a simplified deterministic representation of the effect that
increasing friction ratio has on the limit-state.  (The parameters that participate in this are
both the friction ratio (Rf) and the normalization exponent (c) in various combinations, as 
seen in the limit-state function (Chapter 5), but can be represented by a variable friction 
ratio at a mean normalization exponent.)  Increasing the friction ratio (Rf) suppresses the 
liquefiability of a material systematically.  Through numerical experimentation (see
Chapter 5) an optimum limit-state function was used to elicit the nature of this 
suppression. This effect can be approximated by the equation, 
qc,1,mod = qc,1 + ∆qc (6.1) 
where ∆q = x ⋅ ln(CSR) + xc 1 2 
and x1 = 0.38 ⋅ (R f ) − 0.19 and x2 = 1.46 ⋅ (R f ) − 0.73 
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 Figure 6.1 Probabilistic liquefaction triggering curves shown for PL=5,20,50,80, 
and 95%.  Dots indicate liquefied data points and circles non-liquefied.  
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Figure 6.2 	 Plot showing the correction for the choice-based sampling bias. 
PL=20,50, and 80% contours are shown uncorrected (dashed) and
corrected (solid). 
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 Figure 6.3 Triggering curves shown against data modified for friction ratio. 
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 Figure 6.4 Comparison of triggering curves with previous deterministic studies. 
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Figure 6.5 Comparison of triggering curves with previous probabilistic studies. 
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Figure 6.6 	 Constant friction ratio triggering curves all shown for PL=15%. The 
round data points indicate “clean” sands and the diamond data points
indicate soils of higher fines content. 
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The bounds of ∆qc are from Rf = 0.5 to 5.0, where ∆qc=0 when Rf ≤ 0.5, ∆qc reaches its
maximum at Rf = 5.0, and no data exists for Rf > 5.0. This term was regressed from the 
liquefaction database and represents the change in liquefiability correlated to a change in 
friction ratio, as a function of CSR.   
6.4.1 Probability and Determinism 
The probability of liquefaction of PL=15% was selected for the recommended 
deterministic boundary, based on prior thresholds both for CPT and the SPT-based 
analyses as well as judgement.  Particularly for the CPT, the study by Juang et al. 2001 
provided insight into where the deterministic threshold has been relatively located by
prior researchers, either on purpose or by default.  The SPT work by Seed et al. (1985) 
targeted the limit-state at a probability of  ~10-15%.  The previous CPT-based 
deterministic correlations have mainly been hovering around a probability of ~10-35%.   
The threshold at a probability of 15% was selected by expert consensus as a reasonable
location for both design safety and for consistency with previous work. 
6.5 “Fines” Adjustment
There is a body of literature that exists on the effects that fines content has on a soil’s 
liquefaction resistance (e.g. Andrews & Martin, 2000; Andrianopoulos et al., 2001; Guo 
& Prakash, 1999; Perlea, 2000; Polito, 2001; Sancio et al., 2003; Yamamuro & Lade, 
1998, Youd & Gilstrap, 1999; to name a few).  These studies include both laboratory tests 
(cyclic triaxial, cyclic simple shear, torsion, etc.) and theoretical analyses.  Within the 
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literature there is little consensus, and often one study completely contradicts another.
Some of the more difficult laboratory issues in studying how fines content affects a soil’s 
cyclic resistance include how to measure the void ratio (particularly when measuring
minimum and maximum void ratios in “clean” sands is a difficult proposition in and of 
itself), how to create the sample in a consistent manner (pluviation, mixing, etc.), and 
what criteria are used to define “failure” and/or liquefaction.   
These studies are germane to this research, but they only address one aspect of the effects 
captured by the parameter ∆qc. Another aspect is how variable fines content affects the 
CPT tip and sleeve measurements (i.e. soil “classification”), and what effects this has on 
the cyclic resistance.  An index test measurement includes the effects of all the competing
physical phenomena that occur as the measurement is acquired.  Physical responses may
be working in a constructive or destructive manner to produce the final measurement.  
The end product is a combination of all these competing effects over time and space. 
The cumulative result is that an increase in friction ratio correlates with an increase in 
liquefaction resistance.  This is what has been observed in data trends and what has been
quantified using statistical regression.  A comparison of previous deterministic analyses 
on the effects of “fines” with this study is presented in Figure 6.7.  Suzuki et al. (1995) 
was based on a limited database and fit the threshold curves to the data by hand.  
Robertson & Wride (1998) (also presented in NCEER (1997) and Youd et al. (2001)) 
used a larger database and also fit the limiting curves by hand.  Robertson & Wride 
(1998) appears to be highly unconservative with increasing “fines”.   
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The nature of Ic, the parameter used by Robertson & Wride (1998) to quantify the effects 
of “fines”, is based on soil “classification”.  That is to say Ic is based not on the physics of
liquefaction but on soil “classification” which is a secondary correlation of tip (qc) and 
sleeve measurements (fs) to laboratory measured fines content (FC), and is controlled by
entirely different physics.  The result is an exaggerated estimation of the effect of “fines”
on liquefaction resistance.  The Robertson and Wride (1998) approach has been found to 
be lacking in the small zone that is labeled Kc = 1.0, and Robertson and Wride themselves 
recommend a null correction for fines in this zone.  This area is a region where the Ic 
curves don’t adequately capture the liquefaction behavior of a particular group of soils, 
and exists because Ic is defined for soil “character” and not soil liquefiability.  The ∆qc 
curves presented in this research capture the Kc=1.0 zone accurately because these curves 
are based on a soil’s liquefiability.  The ∆qc curves are almost wholly dependent on 
friction ratio when projected into the log-log space of Rf vs. qc,1. In application, ∆qc is an 
additive function whereas Ic is a multiplicative function, and this difference leads to a 
dramatic (and unconservative for Ic) difference in corrected tip resistance as the friction 
ratio increases.   
Figures 6.8 and 6.9 show the ∆qc contours in relation to Robertson & Wride (1998) Ic 
contours and to the liquefaction database.  As a soil becomes more plastic it is no longer 
capable of failing in a  “classic” liquefaction manner.  The limit of confidence in the
model is shown as the lower bound on this figure.
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Figure 6.7	 Comparison of constant friction ratio triggering curves with previous 
studies that included the effects of “fines” on liquefiability. 
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Figure 6.8 Comparison of ∆qc and Ic curves.
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Figure 6.9 Curves of ∆qc shown against the liquefaction database.
104 
10 
  
 
 
 
 
                
 
 
   
 
  
 
 
 
6.6 Duration Weighting Factor (aka Magnitude Scaling Factor) 
All results presented in this study include the correction of “equivalent uniform cyclic 
stress ratio” (CSR) for duration (or number of equivalent cycles) to CSR*, representing
the equivalent CSR for a duration typical of an “average” event of MW = 7.5.  This was 
done by means of a magnitude-correlated duration weighting factor (DWFM) as, 
CSRCSR∗ = (6.2)
DWFM w 
This duration weighting factor is somewhat controversial, and has been developed using
a variety of different approaches (using cyclic laboratory testing and/or field case history
data) by a number of investigators.  Figure 6.10 summarizes a number of 
recommendations, and shows (shaded zone) the recommendations of the NCEER 
Working Group (Youd et al., 2001).  The previous study using SPT data (Cetin, 2000),  
regressed the DWFM from the database which included a number of events covering a 
wide spectrum of moment magnitudes.  The current study using CPT was lacking in a
wide enough spectrum to discern accurately the DWFM in a similar manner.  Based on 
good agreement of the SPT work with previously published results, the recommended 
DWFM from Cetin et al. 2003 is used. The recommendation can be represented by the 
equation, 
−1.43DWFM = 17.84 ⋅ M w (6.3) 
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Figure 6.10  Comparison of different DWFM studies (from Cetin, 2000). 
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6.7 Final Correlation 
The resultant correlations can be represented both probabilistically and deterministically
as discussed earlier.  Usable probabilistic results are shown in Figure 6.3.  The 
probabilistic contours can be generated using the equation, 
PL = Φ
 

gˆ
σε 

 

(6.4) 

where 
PL = the probability of liquefaction in percent 
Φ =standard cumulative normal distribution 
gˆ = qc,11.02 + qc,1(θ 1Rf ) + (θ 2 Rf ) + c(1+θ 3Rf ) −θ 4 ln(CSR) −θ 5 ln(Mw) −θ 6 ln(σv' ) −θ 7 
σε  = standard deviation of model error term 
For the given dataset the model parameters and model error term were estimated, using
Bayesian updating methods, as the values given in the following table. 
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Table 6.2 Model Parameter Estimates 
θ1 θ2 θ3 θ4 θ5 θ6 θ7 σε 
Mean 0.110 0.001 0.850 7.177 0.848 0.002 20.923 1.632 
Standard 
Deviation 
0.058 0.005 0.086 0.842 0.492 0.007 1.870 0.386 
Correlation Matrix
θ1 1 -0.255 0.425 0.471 -0.360 0.064 0.464 0.399 
θ2  1 -0.093 -0.205 -0.040 -0.096 -0.254 -0.269 
θ3 1 -.0267 -0.477 0.205 0.296 0.034 
θ4 1 0.357 0.015 0.579 0.493 
θ5 1 -0.020 -0.354 0.462 
θ6 1 0.219 -0.323 
θ7  1 0.371 
σε  1 
For exact parameter estimation (assuming mean values), this then results in the concise
equation, 
= Φ − 
     



1.045q + q ,1 (0.110 ⋅ R ) + (0.001⋅ R ) + c(1+ 0.850 ⋅ R ) − 7.177 ⋅c,1 c f f f 
ln(CSR) − 0.848 ⋅ ln(M w ) − 0.002 ⋅ ln(σ v ' ) − 20.923 


    
 

PL (6.5)
1.632
 
  
The cyclic resistance ratio for a given probability of liquefaction can be calculated from, 
    



1.045qc,1 + qc,1 (0.110 ⋅ R f ) + (0.001⋅ R f ) + c(1+ 0.850 ⋅ R f ) 
− 0.848 ⋅ ln(M w ) − 0.002 ⋅ ln(σ v ' ) − 20.923 +1.632 ⋅Φ
−1 ( 


    

CSR
 =
 (6.6)

7.177
 

PL )exp 
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Usable deterministic results are shown in Figure 6.6.  Both the deterministic and 
probabilistic results should be used in conjunction with the Equations 6.1, 6.2, and 6.3. 
6.8 Summary
This chapter has presented accurate and usable tools for liquefaction “triggering” 
assessment based on the CPT.  These results can be used to determine the probability of
liquefaction initiation for performance-based design analysis.  These results represent the
most concerted effort to date to provide an unbiased and robust assessment of the 
liquefaction threshold and relative distribution of liquefiable materials as measured using
the Cone Penetration Test. 
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Chapter 7 

Summary and Conclusions 

7.1 Summary
The goals of this research were to acquire the most comprehensive CPT-based field 
performance case history database to date, process this data consistently and to high
standards, and then use the results to develop accurate and reliable predictive 
relationships for assessment of the likelihood of “triggering” or initiation of seismically 
induced soil liquefaction. Thin layer corrections required for interpretation of CPT for 
some cases were quantified using a refined thin layer correction which was developed 
based on an elastic solution, field data, and previous recommendations.  Improved 
methods for normalization of tip and sleeve resistance measurements for effects of
varying effective overburden stresses were defined using prior empirical work, new 
theoretical analyses, laboratory calibration chamber test data and field data.
A correlation is only as good as the quality of the data upon which it is based.  One goal
was to produce a database of the most highly scrutinized and consistently processed 
liquefaction/non-liquefaction sites available.  To achieve this, strict protocols were
established for processing and grading data according to the quality of information
content.  Data that did not meet a minimum level of quality were discarded.  This
database was then submitted for review to a panel of leading experts in the area of soil
liquefaction engineering, and consensus views of key parameters for each case were
developed iteratively.
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Proper treatment of the data required a flexible statistical technique.  A Bayesian-type 
analysis was chosen because this statistical technique can accommodate all forms of
uncertainty associated with both the phenomena of seismic “triggering” of soil
liquefaction and our attempts to quantify this phenomenon.  Reliability methods were
utilized to present the results in a formal probabilistic framework.
7.2 Conclusions 
This work resulted in a new CPT-based soil liquefaction “triggering” correlation that
provides greatly improved ability to assess the likelihood of initiation of soil liquefaction
during earthquakes.  Key elements that led to significant overall improvements relative to
prior efforts included the following:   
• 	 A significantly larger number (more than 600) of CPT-based field performance 
case histories were assembled and analyzed.
• 	 The quality and quantity of the field data, the careful and consistent processing of
this data under the supervision and review of an expert panel, and the screening of
the resultant processed data based on information content and reliability of each
case, resulted in a processed case history database of high value.
• 	 The methods used to quantify CPT data for liquefaction purposes were scrutinized 
by the authors and the review panel.  The canonization of these methods should 
result in more consistency throughout the field of liquefaction engineering in both
acquiring and processing future data.
• 	 The new and improved procedures for normalization of CPT tip and sleeve 
resistances for effects of varying effective overburden stress represent an
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improvement over previous empirical work, and will likely have value beyond the 
narrow application of liquefaction hazard assessment.
• 	 Using higher order statistical methods to characterize and deal with the various 
forms of uncertainty associated with this problem resulted in a much improved 
basis for estimation of the likelihood of triggering of liquefaction during
earthquakes.  Moreover, the results are presented in a formal probabilistic 
framework, facilitating assessment of risk and uncertainty, as well as in a more
simplified “deterministic” framework based on a selected and defined level of
risk.
7.3 Future Research Recommendations
The results of this research represent a significant advance, but there is more that can be 
done.  Recommendations for future work include the following: 
o 	Cross correlation studies should be performed for SPT-, CPT-, and Vs-based 
triggering correlations (including correlations under development) to provide
improved consistency between these index tests, and to draw on the advantages of
each to better refine triggering assessments and to reduce overall variance 
uncertainty.
o 	Quantify the effects of “driving” static (gravity induced) shear stresses due to
slopes, buildings, etc., on liquefaction initiation.
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o 	Include pore pressure into the limit-state function as either an independent 
variable or in state-parameter (ψ) form to capture any effects this may have on the 
threshold of liquefaction.
o 	Perform liquefaction susceptibility studies using a combination of calibration
chamber tests and triaxial or cyclic simple shear testing.
o 	Develop a theoretical (cavity expansion?) model for the CPT sleeve and also for
the SPT.
o 	Improve the signal to noise ratio of CPT sleeve measurements.
o 	Quantify the effects of liquefaction on pre-to-post-earthquake index
measurements.
o 	Develop an updated CPT-based soil “classification” chart using rigorous data
processing techniques and higher order statistics.
o 	Acquire high quality field data from every seismic event that presents the 
opportunity.
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Appendix 

Field Case History Database 

This appendix contains the CPT-based liquefaction triggering database.  Each data point
is a particular site where occurrence or non-occurrence of liquefaction was observed.
Each site is described by at least two pages which includes the statistics of all the 
pertinent variables and CPT traces with the critical layer delineated.  Shown are sites 
from 18 seismic events; 1964 Niigata, 1968 Inanguahua, 1975 Haicheng, 1976 Tanghsan,
1977 Vrancea, 1979 Imperial Valley, 1980 Mexicali, 1981 Westmorland, 1983 Nihonkai-
Chubu, 1983 Borah Peak, 1987 Elmore Ranch, 1987 Superstition Hills, 1987 
Edgecumbre, 1989 Loma Prieta, 1994 Northridge, 1995 Hyogoken-Nambu, 1999 
Kocaeli, and 1999 Chi-Chi earthquakes.  Included are brief descriptions of these events
and any additional information used to assess the sites.
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Niigata Event 
The data from this event was acquired by the U.S. Bureau of Reclamation in a study of in 
situ testing for liquefaction assessment (Farrar, 1990).  The 1964 Niigata event was given
a Richter magnitude of 7.5.
Three sites, two liquefied and one non-liquefied, were chosen and explored with various 
in situ techniques.  The peak horizontal ground acceleration recommended by Farrar
(1990), based on local strong motion recordings, was 0.17g.
The three Niigata sites in the Niigata prefecture (sites D,E, and F) are shown in the figure 
below.  Site D is the Kawagishi-Cho apartment building site.  Site E is on the left bank of
the Showa-Ohashi Bridge where extreme damage to the bridge and surrounding ground
mass was experienced.  Site F is on the right bank of the Showa-Ohashi Bridge site where 
no damage occurred.
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Earthquake.”  Soil and Foundation, 21(3).
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Ohya, S., Iwasaki, T., &  Wakamatsu, M.  (1985) “Comparative Study of Various
Penetration Tests in Ground that Underwent Liquefaction During the 1983 
Nihonkai-Chubu and 1964 Niigata Earthquakes.”  U.S.-Japan Panel on Wind and 
Seismic Effects, San Francisco, CA, August.
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1964 Niigata, Japan 
M=7.5 
Site D Kawagishi-Cho apartment 
Farrar (1990), Ishihara & Koga (1981) 
Toppled apartment buildings in liquefied ground. 
Site of the famous overturned apartment buildings. 
Niigata prefecture. 
SPT, CPT, etc… 
Strength 
Y 
B Soil Class SP 
2.7 to 6.0 D50(mm) 0.40 
2.70 %Fines 4 
0.55 %PI na 
1.12 
0.30 
47.94 qc (MPa) 3.76 
10.56 st.dev. 1.04 
32.44 fs (kPa) 42.94 
4.16 st.dev. 21.37 
0.16 norm. exp. 0.45 
0.03 Cq, Cf 1.66 
0.95 Cthin 1.00 
0.05 fs1 (kPa) 71.26 
7.50 st.dev. 35.47 
0.11 qc1 (MPa) 6.24 
0.15 st.dev. 1.73 
0.05 Rf1(%) 1.14 
0.33 stdev 0.65 
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1964 Niigata, Japan 
Site D Kawagishi-Cho apartment 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1964 Niigata, Japan 
M=7.5 
Site E left bank of Showa-Ohashi Bridge 
Farrar (1990), Iwasaki et al. (1980) 
Damage to bridge and surrounding ground 
Left bank of Showa-Ohashi Bridge 
SPT, CPT, etc… 
Strength 
Y 
B Soil Class SP 
1.8 to 4.8 D50(mm) 0.30 
3.80 %Fines 5 
0.67 %PI na 
1.40 
0.30 
68.00 qc (MPa) 3.12 
12.82 st.dev. 0.77 
44.46 fs (kPa) 38.04 
4.94 st.dev. 16.24 
0.16 norm. exp. 0.47 
0.03 Cq, Cf 1.46 
0.92 Cthin 1.00 
0.07 fs1 (kPa) 55.68 
7.50 st.dev. 23.77 
0.11 qc1 (MPa) 4.56 
0.15 st.dev. 1.13 
0.04 Rf1(%) 1.22 
0.30 stdev 0.60 
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1964 Niigata, Japan 
Site E left bank of Showa-Ohashi Bridge 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1964 Niigata, Japan 
M=7.5 
Site F right bank of Showa-Ohashi Bridge 
Farrar (1990), Iwasaki et al. (1980) 
Lateral Spreading 
No evidence of liquefaction 
Right bank of the Showa-Ohashi Bridge. 
SPT, CPT, etc… 
Strength 
N 
B Soil Class SP 
1.7 to 2.2 D50(mm) 0.40 
1.95 %Fines 5 
0.08 %PI 
1.70 
0.30 
31.95 qc (MPa) 5.91 
2.13 st.dev. 5.64 
29.50 fs (kPa) 82.47 
2.38 st.dev. 72.52 
0.16 norm. exp. 0.38 
0.03 Cq, Cf 1.59 
0.97 Cthin 1.00 
0.04 fs1 (kPa) 131.15 
7.50 st.dev. 115.32 
0.11 qc1 (MPa) 9.39 
0.11 st.dev. 8.97 
0.02 Rf1(%) 1.40 
0.22 stdev 1.81 
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1964 Niigata, Japan 
Site F right bank of Showa-Ohashi Bridge 
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Inangahua Event 
The main shock of the May 23, 1968, Inangahua earthquake had a magnitude of Ms=7.4.   
This reverse fault rupture was located in the Southern Alps of New Zealand.  The fault
plane had a northwesterly dip of 45-50 degrees with a strike in the range of 027-052 
degrees.
Three liquefaction sites were explored and described by Ooi (1987), two of which fit the 
database criteria; Reedy’s Farm and Three Channel Flats.  This research was conducted 
under the supervision of Prof. Berril of the University of Canterbury, Christchurch. 
A number of strong motion recordings from this event were acquired (Dowrick &
Sritharan, 1993).  A regional attenuation relationship was developed using data from New 
Zealand earthquakes (including the Inangahua event), augmented with data from the 
western U.S (Zhao et al., 1997).  The attenuation relationship by Fukushima and Tanaka 
(1990), has been shown to work well for New Zealand earthquakes.  Multiple attenuation
relationships were used to determine reasonable PGA values; the details are included in 
the site descriptions.
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Earthquake:	 1968 Inangahua, New Zealand
 
Magnitude: ML=7.0, MS=7.4 (MMI=X)
 
Location: Three Channel Flat TCF001
 
References: Ooi (1987), Dowrick&Sritharan (1968), Zhao et al. (1997)
 
Nature of Failure: Sand boils
 
Comments:	 Epicentral Distance=11km 
Focal Depth=12km 
Glacial outwash floodplain deposits. 
CPT, Piezo Cone, Mechanical Cone, and Hand Auger performed 
Thrust event. 
Local, regional, and calibrated general attenuation relationships 
used to define ground shaking. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class SM 
Critical Layer (m) 0.5 to 2.5 D50(mm) 0.10 
Median Depth (m) 1.50 %Fines 15 
st.dev. 0.33 %PI na 
Depth to GWT (m) 0.10 
st.dev. 0.30 
σv (kPa) 29.00 qc (MPa) 1.05 
st.dev. 6.60 st.dev. 0.35 
σv' (kPa) 15.27 fs (kPa) 14.54 
st.dev. 3.37 st.dev. 5.48 
amax (g) 0.40 norm. exp. 0.53 
st.dev. 0.10 Cq, Cf 2.00 
rd 0.97 Cthin 1.00 
st.dev. 0.03 fs1 (kPa) 29.09 
Corrected Magnitude 7.40 st.dev. 10.97 
st.dev. 0.11 qc1 (MPa) 2.10 
CSReq 0.48 st.dev. 0.71 
st.dev. 0.19 Rf1(%) 1.39 
C.O.V.CSR 0.40 stdev 0.70 
 1968 Inangahua, New Zealand 
Three Channel Flat TCF001 
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Earthquake:	 1968 Inangahua, New Zealand
 
Magnitude: ML=7.0, MS=7.4 (MMI=X)
 
Location: Reedy's Farm RDY004
 
References: Ooi (1987), Dowrick&Sritharan (1968), Zhao et al. (1997)
 
Nature of Failure: Sand boils
 
Comments:	 Epicentral Distance=33km 
Focal Depth=12km 
Glacial outwash floodplain deposits. 
CPT, Piezo Cone, Mechanical Cone, and Hand Auger performed 
Thrust event. 
Local, regional, and calibrated general attenuation relationships 
used to define ground shaking. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 1.0 to 1.8 D50(mm) 0.20 
Median Depth (m) 1.38 %Fines 15 
st.dev. 0.13 %PI na 
Depth to GWT (m) 0.10 
st.dev. 0.30 
σv (kPa) 26.66 qc (MPa) 0.73 
st.dev. 2.68 st.dev. 0.19 
σv' (kPa) 14.10 fs (kPa) 5.78 
st.dev. 2.51 st.dev. 3.50 
amax (g) 0.20 norm. exp. 0.65 
st.dev. 0.05 Cq, Cf 2.00 
rd 0.98 Cthin 1.00 
st.dev. 0.03 fs1 (kPa) 11.55 
Corrected Magnitude 7.40 st.dev. 7.00 
st.dev. 0.11 qc1 (MPa) 1.47 
CSReq 0.24 st.dev. 0.39 
st.dev. 0.08 Rf1(%) 0.79 
C.O.V.CSR 0.32 stdev 0.52 
 1968 Inangahua, New Zealand 
Reedy's Farm RDY004 
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Haicheng Event
The Haicheng earthquake occurred on February 4, 1975, and had a magnitude of MS=7.3.  
This was a shallow event with a focal depth of 12 km, and resulted in ground shaking of
up to IX on the Chinese intensity scale.
Earth Tech (1985) and Arulanandan et al. (1986) reported on field explorations of
liquefied and marginal sites in Ying Kou City (Fig. 1). These CPT measurements are 
adjacent to the SPT measurements used by Cetin et al. (2000).
No strong ground motion recordings were captured from this event.  Ying Kou City was
mapped with a IV on the Chinese intensity scale which correlates to 0.1 to 0.2 g. PGA’s
from Cetin et al. (2000) were used after checking with common attenuations relationships
(Abrahamson & Silva, 1997; and Sadigh et al., 1997).
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Earthquake: 1975 Haicheng, China 
Magnitude: MS=7.3 
Location: Chemical Fiber Site, Ying Kou City 
References: EarthTech (1985), Arulanandan et al. (1986), and 
Shengcong & Tatsuaoka (1984) 
Nature of Failure: Marginal site at the edge of observed liquefaction. 
Comments:	 In the city of Yingkou. This area is a broad river delta near the 
Liao River, inland from the Liao Dong Bay. The river exibits 
mature meanders. 
The alluvial soil reaches to a depth of over 300 m. The near surface 
soil stratigraphy is dominated by heterogeneous alluvial deposits. 
Cetain areas were capped by clayey deposits. 
Focal Depth = 12 km, Epicentral distance = 48 km 
No record of ground motions.  Chinese Intensity Scale estimates 
are on the order of VII to VIII corresponding to approximately 0.1 
to 0.2 g. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class SM/ML 
Critical Layer (m) 7.8 to 12.0 D50(mm) 0.06 
Median Depth (m) 9.90 %Fines 60 
st.dev. 0.75 %PI na 
Depth to GWT (m) 1.52 
st.dev. 0.30 
σv (kPa) 179.35 qc (MPa) 1.34 
st.dev. 14.57 st.dev. 0.62 
σv' (kPa) 97.14 fs (kPa) 10.20 
st.dev. 7.28 st.dev. 3.37 
amax (g) 0.15 norm. exp. 0.85 
st.dev. 0.05 Cq, Cf 1.02 
rd 0.71 Cthin 1.00 
st.dev. 0.16 fs1 (kPa) 10.46 
Mw 7.30 st.dev. 3.46 
st.dev. 0.11 qc1 (MPa) 1.37 
CSReq 0.13 st.dev. 0.64 
st.dev. 0.06 Rf1(%) 0.76 
C.O.V.CSR 0.43 stdev 0.43 
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Earthquake: 1975 Haicheng, China 
Magnitude: MS=7.3 
Location: Construction Committee Building 
References: EarthTech (1985), Arulanandan et al. (1986),
and Shengcong & Tatsuaoka (1984) 
Nature of Failure: Suface evidence, sand boils. 
Comments:	 In the city of Yingkou. This area is a broad river delta near the 
Liao River, inland from the Liao Dong Bay. The river exibits 
mature meanders. 
The alluvial soil reaches to a depth of over 300 m. The near surface 
soil stratigraphy is dominated by heterogeneous alluvial deposits. 
Cetain areas were capped by clayey deposits. 
Focal Depth = 12 km, Epicentral distance = 48 km 
No record of ground motions.  Chinese Intensity Scale estimates 
are on the order of VII to VIII corresponding to approximately 0.1 
to 0.2 g. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class SM/ML 
Critical Layer (m) 5.5 to 7.5 D50(mm) 0.02 
Median Depth (m) 6.50 %Fines 90 
st.dev. 0.33 %PI na 
Depth to GWT (m) 1.52 
st.dev. 0.30 
σv (kPa) 116.45 qc (MPa) 0.54 
st.dev. 6.81 st.dev. 0.10 
σv' (kPa) 67.60 fs (kPa) 7.35 
st.dev. 4.94 st.dev. 0.49 
amax (g) 0.15 norm. exp. 0.92 
st.dev. 0.05 Cq, Cf 1.43 
rd 0.83 Cthin 1.00 
st.dev. 0.11 fs1 (kPa) 10.53 
Mw 7.30 st.dev. 0.70 
st.dev. 0.11 qc1 (MPa) 0.77 
CSReq 0.14 st.dev. 0.14 
st.dev. 0.05 Rf1(%) 1.37 
C.O.V.CSR 0.39 stdev 0.27 
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Earthquake: 1975 Haicheng, China 
Magnitude: MS=7.3 
Location: Guest House 
References: EarthTech (1985), Arulanandan et al. (1986),
and Shengcong & Tatsuaoka (1984) 
Nature of Failure: Suface evidence, sand boils. 
Comments:	 In the city of Yingkou. This area is a broad river delta near the 
Liao River, inland from the Liao Dong Bay. The river exibits 
mature meanders. 
The alluvial soil reaches to a depth of over 300 m. The near surface 
soil stratigraphy is dominated by heterogeneous alluvial deposits. 
Cetain areas were capped by clayey deposits. 
Focal Depth = 12 km, Epicentral distance = 48 km 
No record of ground motions.  Chinese Intensity Scale estimates 
are on the order of VII to VIII corresponding to approximately 0.1 
to 0.2 g. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class SM/ML 
Critical Layer (m) 8.0 to 9.5 D50(mm) 
Median Depth (m) 8.75 %Fines 
st.dev. 0.25 %PI 
Depth to GWT (m) 1.52 
st.dev. 0.30 
σv (kPa) 158.08 qc (MPa) 0.86 
st.dev. 6.05 st.dev. 0.16 
σv' (kPa) 87.15 fs (kPa) 9.35 
st.dev. 5.42 st.dev. 3.09 
amax (g) 0.15 norm. exp. 0.86 
st.dev. 0.05 Cq, Cf 1.13 
rd 0.75 Cthin 1.00 
st.dev. 0.15 fs1 (kPa) 10.52 
Mw 7.30 st.dev. 3.48 
st.dev. 0.11 qc1 (MPa) 0.97 
CSReq 0.13 st.dev. 0.18 
st.dev. 0.05 Rf1(%) 1.08 
C.O.V.CSR 0.41 stdev 0.41 
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Earthquake: 1975 Haicheng, China 
Magnitude: MS=7.3 
Location: 17th Middle School 
References: EarthTech (1985), Arulanandan et al. (1986),
and Shengcong & Tatsuaoka (1984) 
Nature of Failure: Marginal site at the edge of liquefaction 
Comments:	 Suspect site. Marginal or liquefaction without evidence. 
In the city of Yingkou. This area is a broad river delta near the 
Liao River, inland from the Liao Dong Bay. The river exibits 
mature meanders. 
The alluvial soil reaches to a depth of over 300 m. The near surface 
soil stratigraphy is dominated by heterogeneous alluvial deposits. 
Cetain areas were capped by clayey deposits. 
Focal Depth = 12 km, Epicentral distance = 48 km 
No record of ground motions.  Chinese Intensity Scale estimates 
are on the order of VII to VIII corresponding to approximately 0.1 
to 0.2 g. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class ML 
Critical Layer (m) 4.5 to 11.0 D50(mm) 0.02 
Median Depth (m) 7.75 %Fines 80 
st.dev. 1.08 %PI na 
Depth to GWT (m) 1.52 
st.dev. 0.30 
σv (kPa) 136.46 qc (MPa) 0.72 
st.dev. 19.79 st.dev. 0.22 
σv' (kPa) 75.34 fs (kPa) 7.30 
st.dev. 8.40 st.dev. 2.12 
amax (g) 0.15 norm. exp. 0.87 
st.dev. 0.05 Cq, Cf 1.28 
rd 0.79 Cthin 1.00 
st.dev. 0.13 fs1 (kPa) 9.34 
Mw 7.30 st.dev. 2.72 
st.dev. 0.11 qc1 (MPa) 0.92 
CSReq 0.14 st.dev. 0.29 
st.dev. 0.06 Rf1(%) 1.02 
C.O.V.CSR 0.43 stdev 0.44 
156
 
  
 157
 
  
 
 
    
   
   
 
  
 
  
  
 
 
 
 
 
Earthquake: 1975 Haicheng, China 
Magnitude: MS=7.3 
Location: Paper Mill 
References: EarthTech (1985), Arulanandan et al. (1986),
and Shengcong & Tatsuaoka (1984) 
Nature of Failure: Suface evidence of liquefaction 
Comments:	 In the city of Yingkou. This area is a broad river delta near the 
Liao River, inland from the Liao Dong Bay. The river exibits 
mature meanders. 
The alluvial soil reaches to a depth of over 300 m. The near surface 
soil stratigraphy is dominated by heterogeneous alluvial deposits. 
Cetain areas were capped by clayey deposits. 
Focal Depth = 12 km, Epicentral distance = 48 km 
No record of ground motions.  Chinese Intensity Scale estimates 
are on the order of VII to VIII corresponding to approximately 0.1 
to 0.2 g. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class SM/ML 
Critical Layer (m) 3 to 5 D50(mm) 0.10 
Median Depth (m) 4.00 %Fines 72 
st.dev. 0.33 %PI na 
Depth to GWT (m) 1.52 
st.dev. 0.30 
σv (kPa) 70.20 qc (MPa) 0.63 
st.dev. 6.46 st.dev. 0.17 
σv' (kPa) 45.87 fs (kPa) 8.13 
st.dev. 4.44 st.dev. 2.80 
amax (g) 0.15 norm. exp. 0.77 
st.dev. 0.05 Cq, Cf 1.82 
rd 0.91 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 14.81 
Mw 7.30 st.dev. 5.11 
st.dev. 0.11 qc1 (MPa) 1.16 
CSReq 0.14 st.dev. 0.31 
st.dev. 0.05 Rf1(%) 1.28 
C.O.V.CSR 0.38 stdev 0.56 
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Tangshan Event 
The Tangshan earthquake, MS=7.8, occurred on July 8, 1976. The epicenter was located 
in the southern part of the city of Tangshan, and the fault slip progressed through the 
town predominantly to the northeast, with some additional rupture to the southwest.
No strong ground motion recordings were captured.  Rough ground shaking estimates
were made using PGA correlations with Chinese intensity maps and standard attenuation
relationships.
There are two groups of case histories from this event. The first group of case histories is
in the reference Zhou & Zhang (1979). These sites (T1-T36) were explored using a cone
with no sleeve measurements.  However, grain size analysis was performed using SPT
samples.  Clean sands can be identified from the sieve analysis and a mean value Rf can
be prescribed so that the data may be included in the database.  Only clean sands are used 
from this group of data.  Shibata & Teparaska (1988) also processed these cases for their
correlation.  The figure shows site locations and Chinese Intensity estimates.  Ground
shaking was estimated from the Chinese intensity maps, attenuation relationships, and 
previous estimates by Shibata & Teparaska (1988).
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The second group of case histories are from Arulanandan et al. (1982).  These sites (Y21,
Y24, Y28, Y29, and F13) are all from or near the city of Tientsin.  Ground shaking was
estimated using attenuation relationships as well as considering the estimated PGA
reported by Arulanandan et al. (1982).
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Earthquake: 1976 Tanshan, China 
Magnitude: MS=7.8 
Location: T1 Tangshan District 
References: Zhou & Zhang (1979), Shibata & Teparaska (1988) 
Nature of Failure: Suface evidence 
Comments:	 Field performance reported by Zhou & Zhang in the original 
reference. 
No ground shaking was recorded during the Tangshan event,
however the Chinese design code suggests earthquake 
intensities of IX, VIII, and VI correspond approximately 
to peak ground accelerations of 0.4, 0.2, and 0.1 g. 
Classified as clean sand by grain size distribution. A mean 
friction ratio value is prescribed. 
Note: Depth on cone sounding does not coincide with depth on 
grain size analysis. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class SP 
Critical Layer (m) 4.1 to 5.8 D50(mm) 0.19 
Median Depth (m) 4.95 %Fines <5 
st.dev. 0.45 %PI np 
Depth to GWT (m) 3.70 
st.dev. 0.30 
σv (kPa) 82.95 qc (MPa) 4.59 
st.dev. 8.95 st.dev. 0.99 
σv' (kPa) 70.69 fs (kPa) 
st.dev. 4.26 st.dev. 
amax (g) 0.40 norm. exp. 0.75 
st.dev. 0.16 Cq, Cf 1.30 
rd 0.86 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 
Mw 8.00 st.dev. 
st.dev. 0.09 qc1 (MPa) 5.95 
CSReq 0.26 st.dev. 1.29 
st.dev. 0.11 Rf1(%) 0.38 
C.O.V.CSR 0.43 stdev 0.38 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
1976 Tanshan, China 
MS=7.8 
T2 Tangshan District 
Zhou & Zhang (1979), Shibata & Teparaska (1988) 
Suface evidence 
Comments: Field performance reported by Zhou & Zhang (1979) in the original 
reference. 
No ground shaking was recorded during the Tangshan event,
however the Chinese design code suggests earthquake 
intensities of IX, VIII, and VI correspond approximately 
to peak ground accelerations of 0.4, 0.2, and 0.1 g. 
Classified as a clean sand by grain size distribution. 
A mean friction ratio value is prescribed. 
Note: Depth on cone sounding does not coincide with depth on 
grain size analysis. 
See site T1 for log translation. 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Y 
C 
2.3 to 4.3 
3.30 
0.23 
1.30 
0.30 
58.80 
4.77 
39.18 
2.93 
0.40 
0.16 
0.92 
0.06 
8.00 
0.09 
0.36 
0.15 
0.42 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
SP 
0.18 
<5 
np 
1.90 
0.78 
0.78 
2.00 
1.00 
3.79 
1.56 
0.38 
0.38 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
1976 Tanshan, China 
MS=7.8 
T8 Tangshan District 
Zhou & Zhang (1979), Shibata & Teparaska (1988) 
Suface evidence 
Comments: Field performance reported by Zhou & Zhang (1979) in the original 
reference. 
No ground shaking was recorded during the Tangshan event,
however the Chinese design code suggests earthquake 
intensities of IX, VIII, and VI correspond approximately 
to peak ground accelerations of 0.4, 0.2, and 0.1 g. 
Classified as a clean sand by grain size distribution. 
A mean friction ratio value is prescribed. 
Note: Depth on cone sounding does not coincide with depth on 
grain size analysis. 
See site T1 for log translation. 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Y 
C 
4.5 to 6.0 
5.25 
0.25 
2.00 
0.30 
93.75 
5.42 
61.87 
3.54 
0.40 
0.16 
0.84 
0.10 
8.00 
0.09 
0.33 
0.14 
0.42 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
SP 
0.40 
<5 
np 
5.69 
2.60 
0.72 
1.41 
1.00 
8.03 
3.68 
0.38 
0.38 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
1976 Tanshan, China 
MS=7.8 
T10 Tangshan District 
Zhou & Zhang (1979), Shibata & Teparaska (1988) 
Suface evidence 
Comments: Field performance reported by Zhou & Zhang in the original 
reference. 
No ground shaking was recorded during the Tangshan event,
however the Chinese design code suggests earthquake 
intensities of IX, VIII, and VI correspond approximately 
to peak ground accelerations of 0.4, 0.2, and 0.1 g. 
Classified as a clean sand by grain size distribution. 
A mean friction ratio value is prescribed. 
Note: Depth on cone sounding does not coincide with depth on 
grain size analysis. 
See site T1 for log translation. 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Y 
C 
6.5 to 9.8 
8.15 
0.55 
1.45 
0.30 
150.50 
11.37 
84.77 
5.92 
0.40 
0.16 
0.73 
0.14 
8.00 
0.09 
0.34 
0.15 
0.46 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
SP 
0.25 
<4 
5.22 
0.90 
0.75 
1.13 
1.00 
5.90 
1.01 
0.38 
0.38 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
1976 Tanshan, China 
MS=7.8 
T19 Tangshan District 
Zhou & Zhang (1979), Shibata & Teparaska (1988) 
Suface evidence 
Comments: Field performance reported by Zhou & Zhang (1979) in the original 
reference. 
No ground shaking was recorded during the Tangshan event,
however the Chinese design code suggests earthquake 
intensities of IX, VIII, and VI correspond approximately 
to peak ground accelerations of 0.4, 0.2, and 0.1 g. 
Classified as a clean sand by grain size distribution. 
A mean friction ratio value is prescribed. 
Note: Depth on cone sounding does not coincide with depth on 
grain size analysis. 
See site T1 for log translation. 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Y 
C 
2.0 to 4.5 
3.25 
0.42 
1.10 
0.30 
59.26 
8.22 
38.17 
3.71 
0.20 
0.08 
0.94 
0.06 
8.00 
0.09 
0.19 
0.08 
0.44 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
SP 
0.20 
<5 
4.12 
0.89 
0.69 
1.94 
1.00 
8.00 
1.74 
0.38 
0.38 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
1976 Tanshan, China 
MS=7.8 
T21 Tangshan District 
Zhou & Zhang (1979), Shibata & Teparaska (1988) 
No evidence. 
Comments: Field performance reported by Zhou & Zhang (1979) in the original 
reference. 
No ground shaking was recorded during the Tangshan event,
however the Chinese design code suggests earthquake 
intensities of IX, VIII, and VI correspond approximately 
to peak ground accelerations of 0.4, 0.2, and 0.1 g. 
Classified as a clean sand by grain size distribution. 
A mean friction ratio value is prescribed. 
Note: Depth on cone sounding does not coincide with depth on 
grain size analysis. 
See site T1 for log translation. 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Critical Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
N 
C 
3.1 to 4.0 
3.55 
0.15 
3.10 
0.30 
59.93 
3.66 
55.51 
3.03 
0.20 
0.08 
0.93 
0.07 
8.00 
0.09 
0.13 
0.05 
0.41 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
SP 
0.26 
<5 
np 
10.16 
0.79 
0.72 
1.53 
1.00 
15.52 
1.21 
0.38 
0.38 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
1976 Tanshan, China 
MS=7.8 
T22 Tangshan District 
Zhou & Zhang (1979), Shibata & Teparaska (1988) 
Surface evidence. 
Comments: Field performance reported by Zhou & Zhang (1979) in the original 
reference. 
No ground shaking was recorded during the Tangshan event,
however the Chinese design code suggests earthquake 
intensities of IX, VIII, and VI correspond approximately 
to peak ground accelerations of 0.4, 0.2, and 0.1 g. 
Classified as a clean sand by grain size distribution. 
A mean friction ratio value is prescribed. 
Note: Depth on cone sounding does not coincide with depth on 
grain size analysis. 
See site T1 for log translation. 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Critical Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Y 
C 
7.0 to 8.0 
7.50 
0.17 
0.80 
0.30 
141.98 
5.45 
76.25 
4.90 
0.20 
0.08 
0.80 
0.13 
8.00 
0.09 
0.19 
0.08 
0.44 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
SP 
0.16 
<5 
np 
7.30 
1.83 
0.70 
1.21 
1.00 
8.83 
2.21 
0.38 
0.38 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
1976 Tanshan, China 
MS=7.8 
T30 Tangshan District 
Zhou & Zhang (1979), Shibata & Teparaska (1988) 
No evidence. 
Comments: Field performance reported by Zhou & Zhang (1979) in the original 
reference. 
No ground shaking was recorded during the Tangshan event,
however the Chinese design code suggests earthquake 
intensities of IX, VIII, and VI correspond approximately 
to peak ground accelerations of 0.4, 0.2, and 0.1 g. 
Classified as a clean sand by grain size distribution. 
A mean friction ratio value is prescribed. 
Note: Depth on cone sounding does not coincide with depth on 
grain size analysis. 
See site T1 for log translation. 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
N 
C 
5.0 to 8.0 
6.50 
0.50 
2.50 
0.30 
116.00 
10.01 
76.76 
4.78 
0.10 
0.04 
0.86 
0.11 
8.00 
0.09 
0.08 
0.04 
0.43 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
SP 
0.25 
<5 
np 
12.56 
1.38 
0.65 
1.19 
1.00 
14.92 
1.64 
0.38 
0.38 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
1976 Tanshan, China 
MS=7.8 
T32 Tangshan District 
Zhou & Zhang (1979), Shibata & Teparaska (1988) 
Surface evidence. 
Comments: Field performance reported by Zhou & Zhang (1979) in the original 
reference. 
No ground shaking was recorded during the Tangshan event,
however the Chinese design code suggests earthquake 
intensities of IX, VIII, and VI correspond approximately 
to peak ground accelerations of 0.4, 0.2, and 0.1 g. 
Classified as a clean sand by grain size distribution. 
A mean friction ratio value is prescribed. 
Note: Depth on cone sounding does not coincide with depth on 
grain size analysis. 
See site T1 for log translation. 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Y 
C 
2.6 to 3.9 
3.25 
0.23 
2.30 
0.30 
59.45 
4.72 
50.13 
3.63 
0.15 
0.06 
0.94 
0.06 
8.00 
0.09 
0.11 
0.05 
0.42 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
SP 
0.21 
<5 
np 
3.38 
0.45 
0.74 
1.67 
1.00 
5.63 
0.75 
0.38 
0.38 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
1976 Tanshan, China 
MS=7.8 
T36 Tangshan District 
Zhou & Zhang (1979), Shibata & Teparaska (1988) 
No evidence. 
Comments: Field performance reported by Zhou & Zhang (1979) in the original 
reference. 
No ground shaking was recorded during the Tangshan event,
however the Chinese design code suggests earthquake 
intensities of IX, VIII, and VI correspond approximately 
to peak ground accelerations of 0.4, 0.2, and 0.1 g. 
Classified as a clean sand by grain size distribution. 
A mean friction ratio value is prescribed. 
Note: Depth on cone sounding does not coincide with depth on 
grain size analysis. 
See site T1 for log translation. 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Critical Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
N 
C 
5.7 to 9.0 
7.35 
0.55 
2.30 
0.30 
132.75 
11.07 
83.21 
5.33 
0.15 
0.06 
0.82 
0.13 
8.00 
0.09 
0.13 
0.06 
0.44 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
SP 
0.22 
<5 
np 
6.66 
0.96 
0.72 
1.14 
1.00 
7.61 
1.10 
0.38 
0.38 
180
 
  181
 
  
 
 
  
 
  
 
 
 
 
 
Earthquake: 1976 Tanshan, China 
Magnitude: MS=7.8 
Location: Tangshan, Tientsin area F13 
References: Arulanandan et al. (1982) 
Nature of Failure: No liquefaction 
Comments: No observable damage in this area. 
The soils in the vicinity are predominantly interbeded sandy silt, 
silty sand, silty clay, and clayey silt of vaying thickness. 
Tietsin experinced ground shaking on the order of VII on the 
Chinese intensity scale. 
Summary of Data:
 
Stress Strength
 
Liquefied N 
Data Class C Soil Class SM/ML 
Critical Layer (m) 3.1 to 5.1 D50(mm) 0.04 
Median Depth (m) 4.10 %Fines 75 
st.dev. 0.33 %PI 10 
Depth to GWT (m) 0.70 
st.dev. 0.30 
σv (kPa) 75.80 qc (MPa) 1.44 
st.dev. 6.77 st.dev. 1.68 
σv' (kPa) 42.45 fs (kPa) 25.59 
st.dev. 3.66 st.dev. 4.66 
amax (g) 0.09 norm. exp. 0.70 
st.dev. 0.04 Cq, Cf 1.82 
rd 0.93 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 46.62 
Mw 8.00 st.dev. 8.50 
st.dev. 0.09 qc1 (MPa) 2.62 
CSReq 0.10 st.dev. 3.07 
st.dev. 0.04 Rf1(%) 1.78 
C.O.V.CSR 0.43 stdev 2.10 
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Earthquake: 1976 Tanshan, China 
Magnitude: MS=7.8 
Location: Tangshan, Tientsin area Y21 
References: Arulanandan et al. (1982) 
Nature of Failure: Marginal Liquefaction 
Comments:	 Epicentral distance = 100km 
Focal Depth = 12-16 km 
The soils in the vicinity are predominantly interbeded sandy silt, 
silty sand, silty clay, and clayey silt of vaying thickness. 
Tietsin experinced ground shaking on the order of VII on the 
Chinese intensity scale. 
authors amax = 0.10 to 0.15 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class SM/ML 
Critical Layer (m) 4.5 to 5.25 D50(mm) 0.07 
Critical Depth (m) 4.88 %Fines 50 
st.dev. 0.13 %PI 10 
Depth to GWT (m) 1.00 
st.dev. 0.30 
σv (kPa) 89.63 qc (MPa) 0.59 
st.dev. 3.45 st.dev. 0.25 
σv' (kPa) 51.61 fs (kPa) 14.66 
st.dev. 4.02 st.dev. 8.74 
amax (g) 0.08 norm. exp. 0.76 
st.dev. 0.03 Cq, Cf 1.65 
rd 0.91 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 24.24 
Mw 8.00 st.dev. 14.46 
st.dev. 0.09 qc1 (MPa) 0.97 
CSReq 0.08 st.dev. 0.42 
st.dev. 0.03 Rf1(%) 2.50 
C.O.V.CSR 0.42 stdev 1.84 
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Earthquake: 1976 Tanshan, China 
Magnitude: MS=7.8 
Location: Tientsin Y24 
References: Arulanandan et al. (1982) 
Nature of Failure: Suface evidence 
Comments: Sand boils and cracking. 
The soils in the vicinity are predominantly interbeded sandy silt, 
silty sand, silty clay, and clayey silt of vaying thickness. 
Tietsin experinced ground shaking on the order of VII on the 
Chinese intensity scale. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class C Soil Class SM/ML 
Critical Layer (m) 3.5 to 4.5 D50(mm) 0.04 
Median Depth (m) 4.00 %Fines 75 
st.dev. 0.17 %PI 10 
Depth to GWT (m) 0.20 
st.dev. 0.30 
σv (kPa) 75.40 qc (MPa) 1.85 
st.dev. 4.09 st.dev. 0.16 
σv' (kPa) 38.12 fs (kPa) 13.40 
st.dev. 3.34 st.dev. 2.48 
amax (g) 0.09 norm. exp. 0.70 
st.dev. 0.04 Cq, Cf 1.96 
rd 0.93 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 26.32 
Mw 8.00 st.dev. 4.88 
st.dev. 0.09 qc1 (MPa) 3.64 
CSReq 0.11 st.dev. 0.32 
st.dev. 0.05 Rf1(%) 0.72 
C.O.V.CSR 0.42 stdev 0.15 
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Earthquake: 1976 Tanshan, China 
Magnitude: MS=7.8 
Location: Tangshan, Tientsin area Y28 
References: Arulanandan et al. (1982) 
Nature of Failure: Suface evidence 
Comments: Sand boils and cracking. 
The soils in the vicinity are predominantly interbeded sandy silt, 
silty sand, silty clay, and clayey silt of vaying thickness. 
Tietsin experinced ground shaking on the order of VII on the 
Chinese intensity scale. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class C Soil Class SM/ML 
Critical Layer (m) 1 to 3 D50(mm) 0.04 
Median Depth (m) 2.00 %Fines 75 
st.dev. 0.33 %PI 10 
Depth to GWT (m) 0.20 
st.dev. 0.30 
σv (kPa) 37.40 qc (MPa) 1.39 
st.dev. 6.50 st.dev. 0.43 
σv' (kPa) 19.74 fs (kPa) 10.84 
st.dev. 3.13 st.dev. 3.18 
amax (g) 0.09 norm. exp. 0.68 
st.dev. 0.04 Cq, Cf 2.00 
rd 0.97 Cthin 1.00 
st.dev. 0.04 fs1 (kPa) 21.69 
Mw 8.00 st.dev. 6.35 
st.dev. 0.09 qc1 (MPa) 2.78 
CSReq 0.11 st.dev. 0.87 
st.dev. 0.05 Rf1(%) 0.78 
C.O.V.CSR 0.46 stdev 0.33 
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Earthquake: 1976 Tanshan, China 
Magnitude: MS=7.8 
Location: Tangshan, Tientsin area Y29 
References: Arulanandan et al. (1982) 
Nature of Failure: Suface evidence 
Comments: Sand boils and cracking. 
The soils in the vicinity are predominantly interbeded sandy silt, 
silty sand, silty clay, and clayey silt of vaying thickness. 
Tietsin experinced ground shaking on the order of VII on the 
Chinese intensity scale. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class C Soil Class SM/ML 
Critical Layer (m) 2.8 to 3.8 D50(mm) 0.04 
Median Depth (m) 3.30 %Fines 75 
st.dev. 0.17 %PI 10 
Depth to GWT (m) 1.00 
st.dev. 0.30 
σv (kPa) 59.70 qc (MPa) 0.97 
st.dev. 3.66 st.dev. 0.11 
σv' (kPa) 37.14 fs (kPa) 8.83 
st.dev. 2.80 st.dev. 5.61 
amax (g) 0.08 norm. exp. 0.74 
st.dev. 0.03 Cq, Cf 2.00 
rd 0.95 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 17.67 
Mw 8.00 st.dev. 11.21 
st.dev. 0.09 qc1 (MPa) 1.93 
CSReq 0.08 st.dev. 0.22 
st.dev. 0.03 Rf1(%) 0.91 
C.O.V.CSR 0.42 stdev 0.59 
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Vrancea Event 
One non-liquefied site from this event satisfied the database criteria.  It is well described 
in the reference.  PGA was estimated using the strong motion recording near the site in
relation to results from common attenuation relationships.  No sleeve measurements were
made, however SPT measurements show the critical layer to be composed of clean sand,
therefore a median friction ratio was assigned.
Reference 
Ishihara, K. and Perlea, V. (1984). "Liquefaction-Associated Ground Damage During the  
Vrancea Earthquake of March 4, 1977." Soils and Foundations, Journal of the  
Japanese Society of Soil Mechanics and Foundation Engineering, 24(1), 90-112. 
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Earthquake: 1977 Vrancea, Romania 
Magnitude: M=7.2 
Location: Site 2 
References: Ishihara & Perlea (1984) 
Nature of Failure: No surface evidence of liquefaction 
Comments:	 Old riverbed deposits of the Dimobitza River in the city area 
of Bucharest, Romania. 
Dutch cone penetration and Swedish automatic ram sounding 
Liquefiable sand layer beneath a clay layer. This site has a 
thicker clay layer which may have attributed to no surface 
evidence of liquefaction (marginal site).  Some gravel. 
Distance=130km Focal Depth=97km 
Epicenter located on the Capatian Arc in the mountains near 
Vrincioaia. 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class C Soil Class SP 
Critical Layer (m) 6.5 to 9.0 D50(mm) 0.10 
Median Depth (m) 7.75 %Fines 0 
st.dev. 0.42 %PI np 
Depth to GWT (m) 1.00 
st.dev. 0.30 
σv (kPa) 144.25 qc (MPa) 3.01 
st.dev. 8.75 st.dev. 1.59 
σv' (kPa) 78.03 fs (kPa) 
st.dev. 5.47 st.dev. 
amax (g) 0.10 norm. exp. 0.75 
st.dev. 0.04 Cq, Cf 1.20 
rd 0.79 Cthin 1.00 
st.dev. 0.13 fs1 (kPa) 
Mw 7.20 st.dev. 
st.dev. 0.11 qc1 (MPa) 3.62 
CSReq 0.10 st.dev. 1.92 
st.dev. 0.04 Rf1(%) 0.38 
C.O.V.CSR 0.44 stdev 0.38 
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Imperial Valley Event
Strike slip movement on the Imperial Valley fault occurred on October 15, 1979 with a 
magnitude of MS=6.6. There was 35 km of surface rupture along the fault with a right
lateral offset of up to 0.56 m.  Large area experienced liquefaction and lateral spreading.
The main references used for the Imperial Valley sites are Bennett et al. (1984),
Bierschwale & Stokoe (1984), and Youd & Wieczorek (1984).  However there were
other references used to supplement this information.  The locations of the sites are 
shown in the figure below.
Numerous strong motion recordings of the main shock were acquired.  Cetin et al. (2000)
performed a detailed site response analysis for each site.  The CPT sites are adjacent to
the Cetin (2000) SPT sites, therefore the Cetin (2000) PGA values are used.
References 
Bennett, M. J., McLaughlin, P. V., Sarmiento, J. S., and Youd, T. L. (1984).
"Geotechnical Investigation of Liquefaction Sites, Imperial Valley, California."
Open File Report 84-252, Department of the Interior, U.S. Geological Survey,
Menlo Park, California. 
Bierschwale, J. G. and Stokoe, K. H., II (1984). "Analytical Evaluation of Liquefaction
Potential of Sands Subjected to the 1981 Westmorland Earthquake." Geotechnical
Engineering Report GR 84-15, University of Texas, Austin.
Youd, T. L. and Wieczorek, G. F. (1984). "Liquefaction During the 1981 and Previous
Earthquakes Near Westmorland, CA." Open-File Report 84-680, U.S.G.S., Menlo
Park, CA. 
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Earthquake: 1979 Imperial Valley, California 
Magnitude: ML=6.6 
Location: Kornbloom B 
References: Bennett et al. (1984), Bierschwale & Stokoe (1984),
 and Youd & Wieczorek (1984) 
Nature of Failure: No Liquefaction 
Comments: Point bar sand deposits. 
Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Correlated with site from Cetin et al. (2000) who performed site 
response analysis to estimate PGA. 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class A Soil Class ML 
Critical Layer (m) 2.6 to 5.2 D50 (mm) 0.05 
Median Depth (m) 3.90 %Fines 92 
st.dev. 0.43 %PI na 
Depth to GWT (m) 2.74 
st.dev. 1.00 
σv (kPa) 65.88 qc (MPa) 2.80 
st.dev. 8.50 st.dev. 1.90 
σv' (kPa) 54.50 fs (kPa) 68.56 
st.dev. 4.58 st.dev. 24.38 
amax (g) 0.13 norm. exp. 0.44 
st.dev. 0.04 Cq, Cf 1.31 
rd 0.91 Cthin 1.00 
st.dev. 0.07 fs1 (kPa) 89.54 
Mw 6.50 st.dev. 31.84 
st.dev. 0.13 qc1 (MPa) 3.65 
CSReq 0.09 st.dev. 2.48 
st.dev. 0.01 Rf1(%) 2.45 
C.O.V.CSR 0.11 stdev 1.87 
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Earthquake: 1979 Imperial Valley, California 
Magnitude: ML=6.6 
Location: McKim Ranch A 
References: Bennett et al. (1984) and Bierschwale & Stokoe (1984) 
Nature of Failure: Liquefaction 
Comments:	 Many sand boils and fissures with associated sand boils along 
a zone of approx. 1.8 km. 
Point bar sand deposits. 
Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Correlated with site from Cetin et al. (2000) who performed site 
response analysis to estimate PGA. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SM/ML 
Critical Layer (m) 1.5 to 4.0 D50 (mm) 0.11 
Median Depth (m) 2.75 %Fines 31 
st.dev. 0.42 %PI na 
Depth to GWT (m) 1.50 
st.dev. 1.00 
σv (kPa) 47.75 qc (MPa) 2.69 
st.dev. 8.12 st.dev. 0.87 
σv' (kPa) 35.49 fs (kPa) 30.56 
st.dev. 4.38 st.dev. 4.35 
amax (g) 0.51 norm. exp. 0.52 
st.dev. 0.05 Cq, Cf 1.71 
rd 0.91 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 52.37 
Mw 6.50 st.dev. 7.46 
st.dev. 0.13 qc1 (MPa) 4.61 
CSReq 0.44 st.dev. 1.48 
st.dev. 0.07 Rf1(%) 1.13 
C.O.V.CSR 0.16 stdev 0.40 
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Earthquake: 1979 Imperial Valley, California 
Magnitude: ML=6.6 
Location: Radio Tower B1 
References: Bennett et al. (1984) and Bierschwale & Stokoe (1984) 
Nature of Failure: Liquefaction 
Comments:	 Sand boils and water issued from the ground, resulting in 
ponding around the radio tower.  Fissures developed around 
the pond and at the edge of the river flood plain. 
Point bar sand deposits. 
Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Correlated with site from Cetin et al. (2000) who performed site 
response analysis to estimate PGA. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class ML 
Critical Layer (m) 3.0 to 5.5 D50 (mm) 0.05 
Median Depth (m) 4.25 %Fines 75 
st.dev. 0.42 %PI na 
Depth to GWT (m) 2.01 
st.dev. 1.00 
σv (kPa) 74.72 qc (MPa) 3.14 
st.dev. 8.20 st.dev. 1.58 
σv' (kPa) 52.75 fs (kPa) 30.28 
st.dev. 4.53 st.dev. 10.09 
amax (g) 0.18 norm. exp. 0.52 
st.dev. 0.02 Cq, Cf 1.39 
rd 0.89 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 42.23 
Mw 6.50 st.dev. 14.07 
st.dev. 0.13 qc1 (MPa) 4.38 
CSReq 0.16 st.dev. 2.21 
st.dev. 0.03 Rf1(%) 0.96 
C.O.V.CSR 0.15 stdev 0.58 
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Earthquake: 1979 Imperial Valley, California 
Magnitude: ML=6.6 
Location: Radio Tower B2 
References: Bennett et al. (1984) 
Nature of Failure: No Liquefaction 
Comments: No evidence of liquefaction near this boring. 
Point bar sand deposits. 
Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Correlated with site from Cetin et al. (2000) who performed site 
response analysis to estimate PGA. 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class A Soil Class SM/ML 
Critical Layer (m) 2.0 to 3.0 D50 (mm) 0.10 
Median Depth (m) 2.50 %Fines 30 
st.dev. 0.17 %PI na 
Depth to GWT (m) 2.01 
st.dev. 1.00 
σv (kPa) 41.47 qc (MPa) 5.75 
st.dev. 3.65 st.dev. 3.66 
σv' (kPa) 36.66 fs (kPa) 80.79 
st.dev. 3.71 st.dev. 39.15 
amax (g) 0.16 norm. exp. 0.40 
st.dev. 0.02 Cq, Cf 1.49 
rd 0.95 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 120.68 
Mw 6.50 st.dev. 58.49 
st.dev. 0.13 qc1 (MPa) 8.59 
CSReq 0.12 st.dev. 5.47 
st.dev. 0.02 Rf1(%) 1.41 
C.O.V.CSR 0.16 stdev 1.12 
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Earthquake: 1979 Imperial Valley, California 
Magnitude: ML=6.6 
Location: Wildlife B 
References: Bennett et al. (1984) and Bierschwale & Stokoe (1984) 
Nature of Failure: No Liquefaction 
Comments: Point bar sand deposits. 
Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Correlated with site from Cetin et al. (2000) who performed site 
response analysis to estimate PGA. 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SM/ML 
Critical Layer (m) 3.7 to 6.7 D50 (mm) 0.09 
Median Depth (m) 5.20 %Fines 40 
st.dev. 0.50 %PI na 
Depth to GWT (m) 0.90 
st.dev. 0.30 
σv (kPa) 98.70 qc (MPa) 5.14 
st.dev. 10.22 st.dev. 3.05 
σv' (kPa) 56.52 fs (kPa) 76.90 
st.dev. 4.90 st.dev. 23.22 
amax (g) 0.17 norm. exp. 0.40 
st.dev. 0.05 Cq, Cf 1.26 
rd 0.86 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 96.62 
Mw 6.50 st.dev. 29.18 
st.dev. 0.13 qc1 (MPa) 6.45 
CSReq 0.13 st.dev. 3.83 
st.dev. 0.04 Rf1(%) 1.50 
C.O.V.CSR 0.29 stdev 1.00 
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Mexicali Event 
The Mexicali earthquake occurred on June 9, 1980, in the Mexicali Valley, Northern
Baja, Mexico. The main shock was measured at a magnitude of ML=6.1 (mb=5.6, 
MS=6.4). The epicenter was located close to the Cerro Prieto Fault which at its northern
terminus is offset from the Imperial Valley Fault in an en echelon manner.
Diaz-Rodrigues (1983, 1984) performed field investigations of the epicentral region,
providing 4 liquefied and 1 non-liquefied case histories, see the figures below.
The main shock was recorded by seven nearby strong motion stations.  Anderson et al.
(1982), analyzed the strong motion recordings to provide a basis for calibrating
attenuation relationships by Abrahamson & Silva (1997) and Sadigh et al. (1997).
References 
Anderson, J. G. and Simons, R. S. (1982). "The Mexicali Valley Earthquake of 9 June
1980." Earthquake Engineering Research Institute Newsletter, 16(3), 73-105.
Diaz-Rodriquez, J. A. (1983). "Investigation del Comportamiento Seismico de Suelos
Granulares Finos." Doctoral Thesis, Universidad Nacional Autonoma Mexico.
Diaz-Rodriquez, J. A. (1984). "Liquefaction in the Mexicali Valley During the 
Earthquake of June 9, 1980." Eighth World Conference on Earthquake 
Engineering EERI, San Francisco, 223-230.
Diaz-Rodriquez, J. A. and Armijo-Palacio, G. (1991). "Liquefaction Potential of Fine 
Cohesionless Soils Using the CPT." Soils and Foundations, Journal of the 
Japanese Society of Soil Mechanics and Foundation Engineering, 31(3), 111-119.
Armijo-Palcio, G. E. A. (1987). "Potencialidad a la Licuacion de un Deposito de Arena 
Limosa Mediante Cono Electico." Master's Thesis, Universidad National
Autonoma Mexico. 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
1980 Mexicali, Mexico 
ML=6.1 (mb=5.6, Ms=6.4) 
Delta Site1 
Diaz-Rodriquez (1983, 1984) Anderson et al. (1982) 
No Liquefaction 
Comments: 
Epicenter @ Lat32.22±0.03 Lon115.05±0.03 
Epicentral Dist = 19-20 km 
Focal Depth=12km±4km (from Anderson (1982)) 
PGA estimated using attenuation relationships calibrated 
on data from Anderson et al. 
The area is a delta of the Colorado River. The affected region was 
in the alluvial plains used for agriculture. Heterogeneous deposits 
of sand, silt, and clay are present. 
The region is dominated by strike-slip faults parallel to the San 
Andreas.  Slip occurred along the Cerro Prieto fault.
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
N 
B 
4.8 to 5.3 
5.05 
0.08 
2.30 
1.00 
86.30 
2.54 
59.32 
4.33 
0.19 
0.06 
0.86 
0.09 
6.20 
0.14 
0.15 
0.05 
0.33 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
ML 
2.50 
0.05 
55.41 
41.62 
0.56 
1.34 
1.50 
74.24 
55.76 
5.01 
0.07 
2.22 
1.11 
210
 
  211
 
  
  
 
 
  
     
 
  
   
   
 
 
  
 
 
 
 
Earthquake:	 1980 Mexicali, Mexico
 
Magnitude: ML=6.1 (mb=5.6, Ms=6.4)
 
Location: Delta Site2
 
References: Diaz-Rodriquez (1983, 1984) Anderson et al. (1982)
 
Nature of Failure: Sand boils
 
Comments:	 Epicenter @ Lat32.22±0.03 Lon115.05±0.03 
Epicentral Dist = 19-20 km 
Focal Depth=12km±4km (from Anderson (1982)) 
PGA estimated using attenuation relationships calibrated 
on data from Anderson et al. 
The area is a delta of the Colorado River. The affected region was 
in the alluvial plains used for agriculture. Heterogeneous deposits 
of sand, silt, and clay are present. 
The region is dominated by strike-slip faults parallel to the San 
Andreas.  Slip occurred along the Cerro Prieto fault.
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP 
Critical Layer (m) 2.2 to 3.2 D50(mm) 
Median Depth (m) 2.70 %Fines 
st.dev. 0.17 %PI 
Depth to GWT (m) 2.20 
st.dev. 1.00 
σv (kPa) 44.20 qc (MPa) 3.14 
st.dev. 3.36 st.dev. 0.57 
σv' (kPa) 39.30 fs (kPa) 1.16 
st.dev. 4.19 st.dev. 0.21 
amax (g) 0.19 norm. exp. 0.90 
st.dev. 0.05 Cq, Cf 2.00 
rd 0.94 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 2.32 
Mw 6.20 st.dev. 0.42 
st.dev. 0.14 qc1 (MPa) 6.28 
CSReq 0.13 st.dev. 1.14 
st.dev. 0.04 Rf1(%) 0.04 
C.O.V.CSR 0.30 stdev 0.01 
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Earthquake:	 1980 Mexicali, Mexico
 
Magnitude: ML=6.1 (mb=5.6, Ms=6.4)
 
Location: Delta Site3
 
References: Diaz-Rodriquez (1983, 1984) Anderson et al. (1982)
 
Nature of Failure: Sand boils
 
Comments:	 Epicenter @ Lat32.22±0.03 Lon115.05±0.03 
Epicentral Dist = 19-20 km 
Focal Depth=12km±4km (from Anderson (1982)) 
PGA estimated using attenuation relationships calibrated 
on data from Anderson et al. 
The area is a delta of the Colorado River. The affected region was 
in the alluvial plains used for agriculture. Heterogeneous deposits 
of sand, silt, and clay are present. 
The region is dominated by strike-slip faults parallel to the San 
Andreas.  Slip occurred along the Cerro Prieto fault.
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM/ML 
Critical Layer (m) 2.0 to 3.8 D50(mm) 
Median Depth (m) 2.90 %Fines 
st.dev. 0.30 %PI 
Depth to GWT (m) 2.00 
st.dev. 1.00 
σv (kPa) 48.20 qc (MPa) 1.72 
st.dev. 5.60 st.dev. 0.30 
σv' (kPa) 39.37 fs (kPa) 13.45 
st.dev. 4.46 st.dev. 2.37 
amax (g) 0.19 norm. exp. 0.65 
st.dev. 0.05 Cq, Cf 1.83 
rd 0.93 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 24.64 
Mw 6.20 st.dev. 4.35 
st.dev. 0.14 qc1 (MPa) 3.14 
CSReq 0.14 st.dev. 0.56 
st.dev. 0.04 Rf1(%) 0.78 
C.O.V.CSR 0.31 stdev 0.20 
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Earthquake:	 1980 Mexicali, Mexico
 
Magnitude: ML=6.1 (mb=5.6, Ms=6.4)
 
Location: Delta Site3p
 
References: Diaz-Rodriquez (1983, 1984) Anderson et al. (1982)
 
Nature of Failure: Sand boils
 
Comments:	 Epicenter @ Lat32.22±0.03 Lon115.05±0.03 
Epicentral Dist = 19-20 km 
Focal Depth=12km±4km (from Anderson (1982)) 
PGA estimated using attenuation relationships calibrated 
on data from Anderson et al. 
The area is a delta of the Colorado River. The affected region was 
in the alluvial plains used for agriculture. Heterogeneous deposits 
of sand, silt, and clay are present. 
The region is dominated by strike-slip faults parallel to the San 
Andreas.  Slip occurred along the Cerro Prieto fault.
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM/ML 
Critical Layer (m) 2.2 to 3.8 D50(mm) 
Median Depth (m) 3.00 %Fines 
st.dev. 0.27 %PI 
Depth to GWT (m) 2.20 
st.dev. 1.00 
σv (kPa) 49.60 qc (MPa) 1.92 
st.dev. 5.04 st.dev. 0.58 
σv' (kPa) 41.75 fs (kPa) 17.92 
st.dev. 4.40 st.dev. 2.38 
amax (g) 0.19 norm. exp. 0.58 
st.dev. 0.05 Cq, Cf 1.66 
rd 0.93 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 29.74 
Mw 6.20 st.dev. 3.95 
st.dev. 0.14 qc1 (MPa) 3.19 
CSReq 0.14 st.dev. 0.96 
st.dev. 0.04 Rf1(%) 0.93 
C.O.V.CSR 0.31 stdev 0.31 
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Earthquake:	 1980 Mexicali, Mexico
 
Magnitude: ML=6.1 (mb=5.6, Ms=6.4)
 
Location: Delta Site4
 
References: Diaz-Rodriquez (1983, 1984) Anderson et al. (1982)
 
Nature of Failure: Sand boils
 
Comments:	 Epicenter @ Lat32.22±0.03 Lon115.05±0.03 
Epicentral Dist = 19-20 km 
Focal Depth=12km±4km (from Anderson (1982)) 
PGA estimated using attenuation relationships calibrated 
on data from Anderson et al. 
The area is a delta of the Colorado River. The affected region was 
in the alluvial plains used for agriculture. Heterogeneous deposits 
of sand, silt, and clay are present. 
The region is dominated by strike-slip faults parallel to the San 
Andreas.  Slip occurred along the Cerro Prieto fault.
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM/ML 
Critical Layer (m) 2.0 to 2.6 D50(mm) 
Median Depth (m) 2.30 %Fines 
st.dev. 0.10 %PI 
Depth to GWT (m) 2.00 
st.dev. 1.00 
σv (kPa) 37.40 qc (MPa) 3.00 
st.dev. 2.29 st.dev. 0.26 
σv' (kPa) 34.46 fs (kPa) 24.15 
st.dev. 4.08 st.dev. 1.93 
amax (g) 0.19 norm. exp. 0.53 
st.dev. 0.05 Cq, Cf 1.76 
rd 0.95 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 42.48 
Mw 6.20 st.dev. 3.39 
st.dev. 0.14 qc1 (MPa) 5.28 
CSReq 0.13 st.dev. 0.46 
st.dev. 0.04 Rf1(%) 0.81 
C.O.V.CSR 0.30 stdev 0.10 
218
 
  219
 
  
 
  
     
 
 
Westmorland Event
On April 26, 1981, a magnitude MS=6.0 occurred in the same vicinity as the Imperial
Valley Event.  Again liquefaction and lateral spreading was widespread.
The same references and PGA estimates from the Imperial Valley Event apply.
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Earthquake: 1981 Westmorland, California 
Magnitude: Ms=6.0 
Location: Kornbloom B 
References: Bennett et al. (1984), Bierschwale & Stokoe (1984) 
and Youd & Wieczorek (1984) 
Nature of Failure: Liquefaction, sand boils, and ground fissures. 
Comments:	 Liquefied soil was silty. 
Unit B. 
Point bar sand deposits. 
Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Correlated with site from Cetin et al. (2000) who performed site 
response analysis to estimate PGA. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class ML 
Critical Layer (m) 2.8 to 5.8 D50 (mm) 0.05 
Median Depth (m) 4.30 %Fines 92 
st.dev. 0.50 %PI np 
Depth to GWT (m) 2.74 
st.dev. 0.30 
σv (kPa) 73.48 qc (MPa) 2.57 
st.dev. 9.75 st.dev. 1.51 
σv' (kPa) 58.18 fs (kPa) 71.54 
st.dev. 4.86 st.dev. 18.52 
amax (g) 0.19 norm. exp. 0.40 
st.dev. 0.03 Cq, Cf 1.24 
rd 0.88 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 88.85 
Corrected Magnitude 5.90 st.dev. 23.00 
st.dev. 0.15 qc1 (MPa) 3.20 
CSReq 0.14 st.dev. 1.88 
st.dev. 0.03 Rf1(%) 2.78 
C.O.V.CSR 0.22 stdev 1.79 
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Earthquake: 1981 Westmorland, California 
Magnitude: Ms=6.0 
Location: McKim Ranch A 
References: Bennett et al. (1984), Bierschwale & Stokoe (1984) 
and Youd & Wieczorek (1984) 
Nature of Failure: No liquefaction 
Comments: No evidence of liquefaction or ground damage. 
Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Correlated with site from Cetin et al. (2000) who performed site 
response analysis to estimate PGA. 
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Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SM/ML 
Critical Layer (m) 1.5 to 5.2 D50 (mm) 0.11 
Median Depth (m) 3.35 %Fines 31 
st.dev. 0.61 %PI np 
Depth to GWT (m) 1.50 
st.dev. 0.30 
σv (kPa) 57.30 qc (MPa) 3.31 
st.dev. 11.09 st.dev. 0.84 
σv' (kPa) 39.15 fs (kPa) 37.22 
st.dev. 5.56 st.dev. 4.43 
amax (g) 0.09 norm. exp. 0.50 
st.dev. 0.02 Cq, Cf 1.60 
rd 0.92 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 59.49 
Corrected Magnitude 5.90 st.dev. 7.08 
st.dev. 0.15 qc1 (MPa) 5.29 
CSReq 0.08 st.dev. 1.35 
st.dev. 0.02 Rf1(%) 1.13 
C.O.V.CSR 0.30 stdev 0.32 
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Earthquake: 1981 Westmorland, California 
Magnitude: Ms=6.0 
Location: Radio Tower B1 
References: Bennett et al. (1984), Bierschwale & Stokoe (1984) 
Nature of Failure: Liquefaction, sand boils, and ground fissures. 
Comments: Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Correlated with site from Cetin et al. (2000) who performed site 
response analysis to estimate PGA. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class A Soil Class ML 
Critical Layer (m) 3.0 to 5.5 D50 (mm) 0.05 
Median Depth (m) 4.25 %Fines 75 
st.dev. 0.42 %PI 
Depth to GWT (m) 2.00 
st.dev. 0.30 
σv (kPa) 72.50 qc (MPa) 3.23 
st.dev. 7.71 st.dev. 1.39 
σv' (kPa) 50.43 fs (kPa) 28.53 
st.dev. 4.92 st.dev. 5.88 
amax (g) 0.17 norm. exp. 0.52 
st.dev. 0.02 Cq, Cf 1.43 
rd 0.89 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 40.73 
Corrected Magnitude 5.90 st.dev. 8.39 
st.dev. 0.15 qc1 (MPa) 4.61 
CSReq 0.14 st.dev. 1.99 
st.dev. 0.02 Rf1(%) 0.88 
C.O.V.CSR 0.16 stdev 0.42 
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Earthquake: 1981 Westmorland, California 
Magnitude: Ms=6.0 
Location: Radio Tower B2 
References: Bennett et al. (1984), Bierschwale & Stokoe (1984) 
Nature of Failure: No liquefaction 
Comments: Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Correlated with site from Cetin et al. (2000) who performed site 
response analysis to estimate PGA. 
Summary of Data:
 
Stress Strength
 
Liquefied N 
Data Class A Soil Class SM/ML 
Critical Layer (m) 2 to 3 D50 (mm) 0.10 
Median Depth (m) 2.50 %Fines 30 
st.dev. 0.17 %PI np 
Depth to GWT (m) 2.01 
st.dev. 0.30 
σv (kPa) 40.98 qc (MPa) 5.51 
st.dev. 3.33 st.dev. 2.64 
σv' (kPa) 36.17 fs (kPa) 75.17 
st.dev. 4.17 st.dev. 28.61 
amax (g) 0.16 norm. exp. 0.40 
st.dev. 0.02 Cq, Cf 1.50 
rd 0.94 Cthin 1.15 
st.dev. 0.05 fs1 (kPa) 112.91 
Corrected Magnitude 5.90 st.dev. 42.96 
st.dev. 0.15 qc1 (MPa) 9.52 
CSReq 0.12 st.dev. 4.57 
st.dev. 0.02 Rf1(%) 1.36 
C.O.V.CSR 0.17 stdev 0.73 
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Earthquake: 1981 Westmorland, California 
Magnitude: Ms=6.0 
Location: Wildlife B 
References: Bennett et al. (1984), Bierschwale & Stokoe (1984) 
and Youd & Wieczorek (1984) 
Nature of Failure: Sand boils, fissures, and slumping. 
Comments: Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Correlated with site from Cetin et al. (2000) who performed site 
response analysis to estimate PGA. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SM/ML 
Critical Layer (m) 2.7 to 6.7 D50 (mm) 0.09 
Median Depth (m) 4.72 %Fines 40 
st.dev. 0.67 %PI 
Depth to GWT (m) 0.91 
st.dev. 0.30 
σv (kPa) 89.31 qc (MPa) 5.13 
st.dev. 13.43 st.dev. 2.36 
σv' (kPa) 51.93 fs (kPa) 70.69 
st.dev. 5.94 st.dev. 22.15 
amax (g) 0.23 norm. exp. 0.43 
st.dev. 0.02 Cq, Cf 1.33 
rd 0.86 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 93.70 
Corrected Magnitude 5.90 st.dev. 29.35 
st.dev. 0.15 qc1 (MPa) 6.80 
CSReq 0.24 st.dev. 3.13 
st.dev. 0.06 Rf1(%) 1.38 
C.O.V.CSR 0.25 stdev 0.77 
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Borah Peak Event 
The Borah Peak earthquake was a Ms=7.3 normal fault event that occurred in the 
northern basin and range province of Idaho. The earthquake created a 37 km long surface 
rupture along the Lost River Fault and caused widespread liquefaction.  Liquefaction
occurred in gravelly materials that were well documented by Andrus, Youd, and Stokoe
in various papers and reports.
Four liquefied sites were selected from the affected region.
No strong motion stations were in the direct vicinity, but many mid- to far-field
recordings of the main event were captured.  Jackson and Boatwright (1985) performed a 
careful study of the accelerograms and extrapolated peak ground accelerations for the 
epicentral region.  These extrapolated pga’s are compared to the extensional regime
attenuation relationship by Spudich et al. (1997). Peak ground accelerations are 
estimated from these two sources.
References 
Andrus, R. D. and Youd, T. L. (1987). "Subsurface Investigation of a Liquefaction-
Induced Lateral Spread Thousand Springs Valley, Idaho." Misc. paper GL-87-8,
U.S. Army Corps of Engineers.
Andrus, R. D., Stokoe, K. H., II, and Roesset, J. M. (1991). "Liquefaction of Gravelly
Soil at Pence Ranch During the 1983 Borah Peak, Idaho Earthquake." Soil
Dynamics and Earthquake Engineering V Computational Mechanics Publications
and Elsevier Applied Science, London.
Jackson, S. M. and Boatwright, J. (1985). "The Borah Peak, Idaho Earthquake of October
28, 1983 - Strong Ground Motion." Earthquake Spectra, 2(1), 51-69. 
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Earthquake: 1983 Borah Peak, Idaho 
Magnitude: MS=7.3 
Location: Pence Ranch Areas 1 & 2 
References: Andrus, Stokoe, & Roesset (1991) 
Nature of Failure: Sand boils and lateral spreading. 
Comments: 
38 km of surface rupture, landsliding, and liquefaction. 
Normal faulting in basin and range tectonic regime. Borah Peak 
event occurred along the Lost River Fault system. 
Pliestocene alluvial and glacial outwash deposits below Holocene 
fluvial and alluvial deposits. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class GM 
Critical Layer (m) 1.5 to 4.0 D50(mm) 7.00 
Median Depth (m) 2.75 %Fines 2 
st.dev. 0.42 %PI na 
Depth to GWT (m) 1.55 
st.dev. 0.30 
σv (kPa) 49.75 qc (MPa) 4.97 
st.dev. 8.26 st.dev. 1.48 
σv' (kPa) 37.98 fs (kPa) 68.72 
st.dev. 3.92 st.dev. 21.23 
amax (g) 0.30 norm. exp. 0.43 
st.dev. 0.06 Cq, Cf 1.52 
rd 0.93 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 104.20 
Mw 6.90 st.dev. 32.19 
st.dev. 0.12 qc1 (MPa) 7.54 
CSReq 0.24 st.dev. 2.24 
st.dev. 0.07 Rf1(%) 1.38 
C.O.V.CSR 0.28 stdev 0.76 
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Earthquake: 1983 Borah Peak, Idaho 
Magnitude: MS=7.3 
Location: Whiskey Springs Site 1 Unit C1 
References: Andrus & Youd (1987) 
Nature of Failure: Sand boils and lateral spreading 
Comments: 
38 km of surface rupture, landsliding, and liquefaction. 
Normal faulting in basin and range tectonic regime. Borah Peak 
event occurred along the Lost River Fault system. 
Pliestocene alluvial and glacial outwash deposits below Holocene 
fluvial and alluvial deposits. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class GM 
Critical Layer (m) 1.6 to 3.2 D50(mm) 10.00 
Median Depth (m) 2.40 %Fines 20 
st.dev. 0.27 %PI 2 
Depth to GWT (m) 0.80 
st.dev. 0.30 
σv (kPa) 44.80 qc (MPa) 5.76 
st.dev. 5.38 st.dev. 3.27 
σv' (kPa) 29.10 fs (kPa) 105.60 
st.dev. 3.13 st.dev. 90.76 
amax (g) 0.50 norm. exp. 0.35 
st.dev. 0.10 Cq, Cf 1.54 
rd 0.93 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 162.66 
Mw 6.90 st.dev. 139.81 
st.dev. 0.12 qc1 (MPa) 8.87 
CSReq 0.46 st.dev. 5.04 
st.dev. 0.12 Rf1(%) 1.83 
C.O.V.CSR 0.26 stdev 1.89 
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Earthquake: 1983 Borah Peak, Idaho 
Magnitude: MS=7.3 
Location: Whiskey Springs Site 2 Unit C1 
References: Andrus & Youd (1987) 
Nature of Failure: Sand boils and lateral spreading 
Comments: 
38 km of surface rupture, landsliding, and liquefaction. 
Normal faulting in basin and range tectonic regime. Borah Peak 
event occurred along the Lost River Fault system. 
Pliestocene alluvial and glacial outwash deposits below Holocene 
fluvial and alluvial deposits. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class GM 
Critical Layer (m) 2.4 to 4.3 D50(mm) 2.00 
Median Depth (m) 3.35 %Fines 30 
st.dev. 0.32 %PI 1 
Depth to GWT (m) 2.40 
st.dev. 0.30 
σv (kPa) 59.33 qc (MPa) 5.29 
st.dev. 6.44 st.dev. 2.43 
σv' (kPa) 50.01 fs (kPa) 206.28 
st.dev. 3.57 st.dev. 134.37 
amax (g) 0.50 norm. exp. 0.32 
st.dev. 0.10 Cq, Cf 1.25 
rd 0.89 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 257.50 
Mw 6.90 st.dev. 167.73 
st.dev. 0.12 qc1 (MPa) 6.60 
CSReq 0.34 st.dev. 3.03 
st.dev. 0.09 Rf1(%) 3.90 
C.O.V.CSR 0.25 stdev 3.11 
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Earthquake: 1983 Borah Peak, Idaho 
Magnitude: MS=7.3 
Location: Whiskey Springs Site 3 Unit C1 
References: Andrus & Youd (1987) 
Nature of Failure: Sand boils and lateral spreading 
Comments: 
38 km of surface rupture, landsliding, and liquefaction. 
Normal faulting in basin and range tectonic regime. Borah Peak 
event occurred along the Lost River Fault system. 
Pliestocene alluvial and glacial outwash deposits below Holocene 
fluvial and alluvial deposits. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class GM 
Critical Layer (m) 6.8 to 7.8 D50(mm) 13.00 
Median Depth (m) 7.30 %Fines 20 
st.dev. 0.17 %PI na 
Depth to GWT (m) 6.80 
st.dev. 0.30 
σv (kPa) 125.35 qc (MPa) 8.30 
st.dev. 5.49 st.dev. 2.20 
σv' (kPa) 120.45 fs (kPa) 214.07 
st.dev. 5.03 st.dev. 124.82 
amax (g) 0.50 norm. exp. 0.33 
st.dev. 0.10 Cq, Cf 0.94 
rd 0.70 Cthin 1.00 
st.dev. 0.13 fs1 (kPa) 201.33 
Mw 6.90 st.dev. 117.39 
st.dev. 0.12 qc1 (MPa) 7.80 
CSReq 0.24 st.dev. 2.07 
st.dev. 0.07 Rf1(%) 2.58 
C.O.V.CSR 0.28 stdev 1.65 
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 Nihonkai-Chubu Event
The data from this two events was acquired by the U.S. Bureau of Reclamation in a study
of in situ testing for liquefaction assessment (Farrar, 1990). The 1983 Nihonkai-Chubu
event was given a Richter magnitude of 7.7.
Three sites, two liquefied and one non-liquefied, were chosen and explored with various 
in situ techniques.  The peak horizontal ground acceleration recommended by Farrar
(1990), based on local strong motion recordings, was 0.16 for the Nihonkai-Chubu sites.
The locations the three Nihonkai-Chubu sites in the Akita prefecture (sites A,B, and C)
are shown in the figures below.  The sites are all located in the Hachiro-Gata Lagoon
area. This area is reclaimed land surrounded by dikes.  Site A is located on the approach
to Gomyoko Bride at dike station WC 15+553.  This location experienced serious lateral
spreading of the approach fill.  Site B is located at dike station FD 6+900 where there was
a slope failure of the dike and numerous sand boils.  Site C is located at dike station WC 
0+580 where no damage occurred.
References 
Ishihara, K. & Koga, Y.  (1981)  “Case Studies of Liquefaction in the 1964 Niigata  
Earthquake.”  Soil and Foundation, 21(3).
Farrar, J.A. (1990)  “Study of In Situ Testing for Evaluation of Liquefaction Resistance.”   
Bureau of Reclamation, U.S. Department of the Interior, R-90-06. 
Ohya, S., Iwasaki, T., &  Wakamatsu, M.  (1985) “Comparative Study of Various
Penetration Tests in Ground that Underwent Liquefaction During the 1983 
Nihonkai-Chubu and 1964 Niigata Earthquakes.”  U.S.-Japan Panel on Wind and 
Seismic Effects, San Francisco, CA, August.
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Earthquake: 1983 Nihonkai-Chubu, Japan 
Magnitude: M=7.7 
Location: Akita A 
References: Farrar (1990) 
Nature of Failure: Lateral Spreading 
Comments:	 Reclaimed land surrounded by dikes, Hachiro-Gata Lagoon area. 
Akita prefecture. 
Approach to Gomyoko Bridge, station WC 15+553. 
Lateral spreading of approach fill. 
SPT, CPT, etc… 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class SP 
Critical Layer (m) 0.8 to 6.5 D50(mm) 
Median Depth (m) 3.50 %Fines 5 
st.dev. 0.97 %PI na 
Depth to GWT (m) 0.78 
st.dev. 0.30 
σv (kPa) 64.16 qc (MPa) 3.67 
st.dev. 18.49 st.dev. 2.28 
σv' (kPa) 37.48 fs (kPa) 73.80 
st.dev. 6.60 st.dev. 86.47 
amax (g) 0.17 norm. exp. 0.40 
st.dev. 0.05 Cq, Cf 1.48 
rd 0.93 Cthin 1.00 
st.dev. 0.07 fs1 (kPa) 109.29 
Corrected Magnitude 7.70 st.dev. 128.05 
st.dev. 0.10 qc1 (MPa) 5.44 
CSReq 0.18 st.dev. 3.38 
st.dev. 0.08 Rf1(%) 2.01 
C.O.V.CSR 0.45 stdev 2.66 
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Earthquake: 1983 Nihonkai-Chubu, Japan 
Magnitude: M=7.7 
Location: Akita B 
References: Farrar (1990) 
Nature of Failure: Dike failure and numerous sand boils 
Comments:	 Reclaimed land surrounded by dikes, Hachior-Gata Lagoon area. 
Akita prefecture. 
Dike region, station FD 6_900. 
Slope failure of the dike and associated sand boils. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SW-GP 
Critical Layer (m) 3.3 to 6.7 D50(mm) 
Median Depth (m) 5.00 %Fines 5 
st.dev. 0.67 %PI na 
Depth to GWT (m) 1.03 
st.dev. 0.30 
σv (kPa) 91.91 qc (MPa) 2.82 
st.dev. 12.97 st.dev. 1.32 
σv' (kPa) 52.96 fs (kPa) 29.61 
st.dev. 5.30 st.dev. 33.34 
amax (g) 0.17 norm. exp. 0.52 
st.dev. 0.05 Cq, Cf 1.39 
rd 0.89 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 41.20 
Corrected Magnitude 7.70 st.dev. 46.40 
st.dev. 0.10 qc1 (MPa) 3.93 
CSReq 0.17 st.dev. 1.84 
st.dev. 0.06 Rf1(%) 1.05 
C.O.V.CSR 0.36 stdev 1.28 
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Akita B 
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Earthquake: 1983 Nihonkai-Chubu, Japan 
Magnitude: M=7.7 
Location: Akita C 
References: Farrar (1990) 
Nature of Failure: No failure 
Comments:	 Reclaimed land surrounded by dikes, Hachiro-Gata Lagoon area. 
Akita prefecture. 
Dike region, station WC 0+580. 
No observed damage. 
Summary of Data:
 
Stress Strength
 
Liquefied N 
Data Class B Soil Class SW 
Critical Layer (m) 2.0 to 4.0 D50(mm) 
Median Depth (m) 3.00 %Fines 5 
st.dev. 0.33 %PI na 
Depth to GWT (m) 2.40 
st.dev. 0.30 
σv (kPa) 49.80 qc (MPa) 2.72 
st.dev. 6.59 st.dev. 0.65 
σv' (kPa) 43.91 fs (kPa) 48.22 
st.dev. 3.31 st.dev. 22.05 
amax (g) 0.17 norm. exp. 0.48 
st.dev. 0.05 Cq, Cf 1.48 
rd 0.94 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 71.58 
Mw 7.70 st.dev. 32.73 
st.dev. 0.10 qc1 (MPa) 4.04 
CSReq 0.12 st.dev. 0.96 
st.dev. 0.04 Rf1(%) 1.77 
C.O.V.CSR 0.34 stdev 0.91 
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Superstition Hills and Elmore Ranch Events
These two events occurred within a day of each other and affected the same sites as 
described after the Imperial Valley and Westmorland events. These sites differ from the
previous events in the intensity of ground shaking and the nature of the response.  PGA
estimates are based on the references and Youd (2002).
References 
Bennett, M. J., McLaughlin, P. V., Sarmiento, J. S., and Youd, T. L. (1984).
"Geotechnical Investigation of Liquefaction Sites, Imperial Valley, California."
Open File Report 84-252, Department of the Interior, U.S. Geological Survey,
Menlo Park, California. 
Bierschwale, J. G. and Stokoe, K. H., II (1984). "Analytical Evaluation of
LiquefactionPotential of Sands Subjected to the 1981 Westmorland Earthquake."
GeotechnicalEngineering Report GR 84-15, University of Texas, Austin.
Youd, T.L. (2002).  Personal Communication.
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Earthquake: 1987 Superstition Hills, California 
Magnitude: Mw=6.6 
Location: Wildlife B 
References: Bennett et al. (1984) and Bierschwale & Stokoe (1984) 
Nature of Failure: Liquefaction 
Comments: Point bar sand deposits. 
Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SM/ML 
Critical Layer (m) 3.7 to 6.7 D50 (mm) 0.09 
Median Depth (m) 5.20 %Fines 40 
st.dev. 0.50 %PI np 
Depth to GWT (m) 0.90 
st.dev. 0.30 
σv (kPa) 98.70 qc (MPa) 5.14 
st.dev. 10.22 st.dev. 3.05 
σv' (kPa) 56.52 fs (kPa) 76.90 
st.dev. 4.90 st.dev. 23.22 
amax (g) 0.21 norm. exp. 0.40 
st.dev. 0.05 Cq, Cf 1.26 
rd 0.85 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 96.62 
Mw 6.60 st.dev. 29.18 
st.dev. 0.13 qc1 (MPa) 6.45 
CSReq 0.20 st.dev. 3.83 
st.dev. 0.06 Rf1(%) 1.50 
C.O.V.CSR 0.28 stdev 1.00 
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Earthquake: 1987 Elmore Ranch, California 
Magnitude: Mw=6.2 
Location: Wildlife B 
References: Bennett et al. (1984) and Bierschwale & Stokoe (1984) 
Nature of Failure: No Liquefaction 
Comments: Point bar sand deposits. 
Vicinity of the Alamo and New Rivers. 
Located in the Salton Basin, formed by tectonic rifting. 
Summary of Data:
 
Stress Strength
 
Liquefied N 
Data Class B Soil Class SM/ML 
Critical Layer (m) 3.7 to 6.7 D50 (mm) 0.09 
Median Depth (m) 5.20 %Fines 40 
st.dev. 0.50 %PI na 
Depth to GWT (m) 0.90 
st.dev. 0.30 
σv (kPa) 98.70 qc (MPa) 5.14 
st.dev. 10.22 st.dev. 3.05 
σv' (kPa) 56.52 fs (kPa) 76.90 
st.dev. 4.90 st.dev. 23.22 
amax (g) 0.17 norm. exp. 0.40 
st.dev. 0.05 Cq, Cf 1.26 
rd 0.85 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 96.62 
Mw 6.20 st.dev. 29.18 
st.dev. 0.14 qc1 (MPa) 6.45 
CSReq 0.16 st.dev. 3.83 
st.dev. 0.05 Rf1(%) 1.50 
C.O.V.CSR 0.32 stdev 1.00 
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Edgecumbe Event
On March 2, 1987, the Edgecumbe, New Zealand, earthquake occurred.  The earthquake 
had a ML=6.3 (MS=6.6) and a hypocentral depth of 8 km.  The focal mechanism indicated 
predominantly normal faulting.  Direction of rupture propagation was towards the 
southwest as seen in the figure below.   Fault rupture, ground cracking, liquefaction,
lateral spreading, and other associated ground disruptions were observed.
Significant liquefaction occurred in the Rangitaiki Plains in the Bay of Plenty region.
The liquefaction was investigated by Steven Christensen, a masters’ student under the 
supervision of Dr. John Berrill of the University of Canterbury, Christchurch.  His thesis
documents 14 sites that were explored using piezocone, SPT, and test pits. The location
of the sites is shown in the figure below and the location codes in the included table.
Surface manifestation (or lack thereof) is based on Christensen’s observations.  From this
12 liquefied and 5 non-liquefied data points were derived.
A number of strong motion recordings from this event were acquired.  A regional
attenuation relationship was developed using data from New Zealand earthquakes
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(including the Edgecumbe event), augmented with data from the western U.S. This
attenuation relationship by Zhao et al. (1997) was used as the foundation for the 
estimated PGA values.  Zhao et al. provided a thorough description of New Zealand 
ground motion characteristics as well as a comparison with better known attenuation
relationships, including Abrahamson & Silva (1996).  Christensen used an attenuation
relationship by Fukushima and Tanaka (1990), calibrated to nearby strong ground
recordings.  Zhao et al. shows that their relationship compares very favorably with
Fukushima and Tanaka.
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Low density soils are present at all sites, either derived from a volcanic source or from a 
greywacke source. The densities are reported as shown in the table below.
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Earthquake:	 1987 Edgecumbe, New Zealand
 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Awaroa Farm AWA001
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: Sand boils
 
Comments:	 This earthquake occurred along the edge of the Whakatane Graben.
The sediment in the basin is composed of alluvial deposits of the 
Rangitaiki Plains . 
Ejecta of high fines content. 
Surface collapse of up to two meters occurred a week after the event. 
CPT, rotary boring, and hand auguring performed 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
Epicentral distance=8.8km, Focal depth=8km, Normal faulting. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM/ML 
Critical Layer (m) 2.3 to 3.3 D50(mm) 0.05 
Median Depth (m) 2.80 %Fines 35 
st.dev. 0.17 %PI na 
Depth to GWT (m) 1.15 
st.dev. 0.30 
σv (kPa) 42.25 qc (MPa) 6.82 
st.dev. 2.90 st.dev. 1.32 
σv' (kPa) 26.06 fs (kPa) 75.03 
st.dev. 3.04 st.dev. 8.78 
amax (g) 0.37 norm. exp. 0.38 
st.dev. 0.07 Cq, Cf 1.67 
rd 0.92 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 125.06 
Mw 6.60 st.dev. 14.63 
st.dev. 0.13 qc1 (MPa) 11.36 
CSReq 0.36 st.dev. 2.20 
st.dev. 0.09 Rf1(%) 1.10 
C.O.V.CSR 0.25 stdev 0.25 
257
 
  258
 
  
 
  
   
   
  
 
 
 
 
 
Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Brady Farm BDY001
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: Localized sand boils
 
Comments: Epicentral Distance=4.9km, Focal Depth=8km, Normal faulting. 
Ejecta consisted of fine grey to clear brown sand with some 
white small pebbles. 
CPT and rotary boring with SPT 
This earthquake occurred along the edge of the Whakatane Graben.
The sediment in the basin is composed of alluvial deposits of the 
Rangitaiki Plains . 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class SM/ML 
Critical Layer (m) 6.4 to 8.0 D50(mm) 0.14 
Median Depth (m) 7.70 %Fines 30 
st.dev. 0.27 %PI 
Depth to GWT (m) 1.65 
st.dev. 0.30 
σv (kPa) 117.70 qc (MPa) 2.34 
st.dev. 5.77 st.dev. 0.81 
σv' (kPa) 58.35 fs (kPa) 22.74 
st.dev. 4.97 st.dev. 3.68 
amax (g) 0.40 norm. exp. 0.52 
st.dev. 0.12 Cq, Cf 1.32 
rd 0.70 Cthin 1.00 
st.dev. 0.13 fs1 (kPa) 30.10 
Corrected Magnitude 6.6 st.dev. 4.87 
st.dev. 0.13 qc1 (MPa) 3.09 
CSReq 0.37 st.dev. 1.07 
st.dev. 0.13 Rf1(%) 0.97 
C.O.V.CSR 0.37 stdev 0.37 
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Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Brady Farm BDY004
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: No liquefaction
 
Comments: Epicentral Distance=4.9km, Focal Depth=8km, Normal faulting. 
No liquefaction, however adjacent to liquefied region BDY001. 
This earthquake occurred along the edge of the Whakatane Graben.
The sediment in the basin is composed of alluvial deposits of the 
Rangitaiki Plains . 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
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Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SM 
Critical Layer (m) 3.4 to 5.0 D50(mm) 0.14 
Median Depth (m) 4.20 %Fines 15 
st.dev. 0.27 %PI na 
Depth to GWT (m) 1.53 
st.dev. 0.30 
σv (kPa) 63.57 qc (MPa) 7.63 
st.dev. 4.59 st.dev. 1.20 
σv' (kPa) 37.38 fs (kPa) 31.14 
st.dev. 3.53 st.dev. 8.33 
amax (g) 0.40 norm. exp. 0.56 
st.dev. 0.12 Cq, Cf 1.74 
rd 0.86 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 54.03 
Corrected Magnitude 6.60 st.dev. 14.46 
st.dev. 0.13 qc1 (MPa) 13.24 
CSReq 0.38 st.dev. 2.09 
st.dev. 0.13 Rf1(%) 0.41 
C.O.V.CSR 0.33 stdev 0.13 
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Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Edgecumbe Pipe Breakages EPB001
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: Pipe breaks
 
Comments: Most severe location of pipe breaks 
100 breaks/km for AC(?) pipes 
Epicentral Distance = 8km, Focal Depth = 8 km, Normal faulting. 
This earthquake occurred along the edge of the Whakatane Graben.
The sediment in the basin is composed of alluvial deposits of the 
Rangitaiki Plains . 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP 
Critical Layer (m) 5.0 to 5.9 D50(mm) 
Median Depth (m) 5.45 %Fines 5 
st.dev. 0.15 %PI na 
Depth to GWT (m) 2.50 
st.dev. 0.30 
σv (kPa) 81.98 qc (MPa) 6.03 
st.dev. 3.41 st.dev. 1.22 
σv' (kPa) 53.04 fs (kPa) 23.34 
st.dev. 3.69 st.dev. 5.70 
amax (g) 0.39 norm. exp. 0.40 
st.dev. 0.08 Cq, Cf 1.29 
rd 0.81 Cthin 1.00 
st.dev. 0.10 fs1 (kPa) 30.08 
Corrected Magnitude 6.60 st.dev. 7.35 
st.dev. 0.13 qc1 (MPa) 7.77 
CSReq 0.32 st.dev. 1.57 
st.dev. 0.08 Rf1(%) 0.39 
C.O.V.CSR 0.25 stdev 0.12 
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Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Gordon Farm GDN001
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: Large sand boils
 
Comments: Epicentral Distance=2.9km, Focal Depth=8km, Normal faulting. 
CPT and hand auguing performed 
This earthquake occurred along the edge of the Whakatane Graben.
The sediment in the basin is composed of alluvial deposits of the 
Rangitaiki Plains . 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP 
Critical Layer (m) 1.2 to 4.2 D50(mm) 0.45 
Median Depth (m) 2.70 %Fines 0 
st.dev. 0.50 %PI na 
Depth to GWT (m) 0.47 
st.dev. 0.30 
σv (kPa) 41.38 qc (MPa) 3.38 
st.dev. 7.89 st.dev. 1.13 
σv' (kPa) 19.50 fs (kPa) 21.83 
st.dev. 3.82 st.dev. 4.04 
amax (g) 0.43 norm. exp. 0.53 
st.dev. 0.09 Cq, Cf 2.00 
rd 0.92 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 43.66 
Corrected Magnitude 6.60 st.dev. 8.08 
st.dev. 0.13 qc1 (MPa) 6.77 
CSReq 0.55 st.dev. 2.25 
st.dev. 0.19 Rf1(%) 0.65 
C.O.V.CSR 0.34 stdev 0.25 
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Earthquake:	 1987 Edgecumbe, New Zealand
 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Gordon Farm GDN002
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: No liquefaction
 
Comments:	 Epicentral Distance=2.9km 
Focal Depth=8km, Normal faulting. 
Buried river channel material 
No liquefaction observed, however liquefaction occurred in an 
adjacent area 
This earthquake occurred along the edge of the Whakatane Graben.
The sediment in the basin is composed of alluvial deposits of the 
Rangitaiki Plains . 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
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Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SP 
Critical Layer (m) 1.7 to 1.9 D50(mm) 0.45 
Median Depth (m) 1.80 %Fines 0 
st.dev. 0.03 %PI na 
Depth to GWT (m) 0.90 
st.dev. 0.30 
σv (kPa) 27.00 qc (MPa) 9.20 
st.dev. 1.01 st.dev. 1.63 
σv' (kPa) 18.17 fs (kPa) 40.60 
st.dev. 2.77 st.dev. 22.44 
amax (g) 0.37 norm. exp. 0.50 
st.dev. 0.07 Cq, Cf 2.00 
rd 0.95 Cthin 1.00 
st.dev. 0.04 fs1 (kPa) 81.21 
Corrected Magnitude 6.60 st.dev. 44.88 
st.dev. 0.13 qc1 (MPa) 18.39 
CSReq 0.34 st.dev. 3.25 
st.dev. 0.09 Rf1(%) 0.50 
C.O.V.CSR 0.26 stdev 0.26 
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Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: James Street Loop JSL007
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: Lateral spreading and sand boils
 
Comments: Near the river 
Epicentral Distance = 15.7km
 
Focal Depth = 8 km, Normal faulting.
 
CPT and CPTU tests performed
 
This earthquake occurred along the edge of the Whakatane Graben.

The sediment in the basin is composed of alluvial deposits of the 

Rangitaiki Plains .
 
PGA estimated from local, regional, and calibrated general
 
attenuation relationships.
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SW 
Critical Layer (m) 3.4 to 6.8 D50(mm) 0.05 
Median Depth (m) 5.10 %Fines 0 
st.dev. 0.57 %PI na 
Depth to GWT (m) 1.15 
st.dev. 0.30 
σv (kPa) 77.90 qc (MPa) 5.53 
st.dev. 9.17 st.dev. 1.82 
σv' (kPa) 39.15 fs (kPa) 30.77 
st.dev. 4.58 st.dev. 8.37 
amax (g) 0.28 norm. exp. 0.53 
st.dev. 0.06 Cq, Cf 1.64 
rd 0.85 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 50.59 
Corrected Magnitude 6.60 st.dev. 13.76 
st.dev. 0.13 qc1 (MPa) 9.08 
CSReq 0.31 st.dev. 3.00 
st.dev. 0.09 Rf1(%) 0.56 
C.O.V.CSR 0.28 stdev 0.24 
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Earthquake:	 1987 Edgecumbe, New Zealand
 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Keir Farm KER001
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: Sand boils
 
Comments:	 Epicentral Distance=13.2km 
Focal Depth=8km, Normal faulting. 
Ejecta of variable fines content. 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SW 
Critical Layer (m) 6.5 to 9.5 D50(mm) 0.19 
Median Depth (m) 8.00 %Fines 5 
st.dev. 0.50 %PI na 
Depth to GWT (m) 2.54 
st.dev. 0.30 
σv (kPa) 121.46 qc (MPa) 7.29 
st.dev. 8.66 st.dev. 1.05 
σv' (kPa) 67.90 fs (kPa) 22.47 
st.dev. 5.23 st.dev. 2.89 
amax (g) 0.31 norm. exp. 0.43 
st.dev. 0.06 Cq, Cf 1.18 
rd 0.71 Cthin 1.00 
st.dev. 0.14 fs1 (kPa) 26.53 
Corrected Magnitude 6.60 st.dev. 3.41 
st.dev. 0.13 qc1 (MPa) 8.61 
CSReq 0.26 st.dev. 1.24 
st.dev. 0.08 Rf1(%) 0.31 
C.O.V.CSR 0.30 stdev 0.06 
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Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX) 
Location: Landing Road Bridge LRB007 
References: Christensen (1995), Zhao et al. (1997) 
Nature of Failure: Lateral spreading, surface cracks, sand boils, and 
structual damage 
Comments: Near the river 
Epicentral Distance = 16.8km 
Focal Depth = 8 km, Normal faulting. 
CPT, CPTU, and rotary boring tests performed 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SW 
Critical Layer (m) 4.8 to 6.2 D50(mm) 0.05 
Median Depth (m) 5.50 %Fines 0 
st.dev. 0.23 %PI na 
Depth to GWT (m) 1.15 
st.dev. 0.30 
σv (kPa) 84.10 qc (MPa) 6.07 
st.dev. 4.63 st.dev. 1.19 
σv' (kPa) 41.43 fs (kPa) 19.51 
st.dev. 4.06 st.dev. 1.92 
amax (g) 0.27 norm. exp. 0.63 
st.dev. 0.05 Cq, Cf 1.74 
rd 0.83 Cthin 1.00 
st.dev. 0.10 fs1 (kPa) 33.99 
Corrected Magnitude 6.60 st.dev. 3.34 
st.dev. 0.13 qc1 (MPa) 10.57 
CSReq 0.30 st.dev. 2.07 
st.dev. 0.08 Rf1(%) 0.32 
C.O.V.CSR 0.26 stdev 0.07 
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Earthquake:	 1987 Edgecumbe, New Zealand
 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Morris Farm MRS001
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: Sand boils
 
Comments:	 Epicentral Distance=5.8km 
Focal Depth=8km, Normal faulting. 
Ejecta consisted of uniform fine to medium sand with coarse 
sand size pumice. 
Gently sloping site 
CPT only 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SW 
Critical Layer (m) 7.0 to 8.5 D50(mm) 0.20 
Median Depth (m) 7.75 %Fines 5 
st.dev. 0.25 %PI 
Depth to GWT (m) 1.63 
st.dev. 0.30 
σv (kPa) 118.50 qc (MPa) 7.61 
st.dev. 5.62 st.dev. 0.85 
σv' (kPa) 58.46 fs (kPa) 28.38 
st.dev. 4.98 st.dev. 3.24 
amax (g) 0.42 norm. exp. 0.58 
st.dev. 0.08 Cq, Cf 1.37 
rd 0.69 Cthin 1.00 
st.dev. 0.13 fs1 (kPa) 38.75 
Corrected Magnitude 6.60 st.dev. 4.43 
st.dev. 0.13 qc1 (MPa) 10.39 
CSReq 0.38 st.dev. 1.17 
st.dev. 0.11 Rf1(%) 0.37 
C.O.V.CSR 0.29 stdev 0.06 
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Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX) 
Location: Morris Farm MRS003 
References: Christensen (1995), Zhao et al. (1997) 
Nature of Failure: No liquefaction 
Comments: Epicentral Distance=5.8km 
Focal Depth=8km, Normal faulting. 
Gently sloping site 
CPT only 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SP-SM 
Critical Layer (m) 5.2 to 6.6 D50(mm) 0.20 
Median Depth (m) 5.90 %Fines 5 
st.dev. 0.23 %PI na 
Depth to GWT (m) 2.10 
st.dev. 0.30 
σv (kPa) 89.35 qc (MPa) 8.01 
st.dev. 4.57 st.dev. 1.36 
σv' (kPa) 52.07 fs (kPa) 25.02 
st.dev. 3.99 st.dev. 8.53 
amax (g) 0.41 norm. exp. 0.65 
st.dev. 0.12 Cq, Cf 1.53 
rd 0.78 Cthin 1.00 
st.dev. 0.11 fs1 (kPa) 38.23 
Corrected Magnitude 6.60 st.dev. 13.03 
st.dev. 0.13 qc1 (MPa) 12.23 
CSReq 0.36 st.dev. 2.08 
st.dev. 0.12 Rf1(%) 0.31 
C.O.V.CSR 0.34 stdev 0.12 
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Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX) 
Location: Robinson Farm East Side RBN001.PPT 
References: Christensen (1995), Zhao et al. (1997) 
Nature of Failure: Wide spread sand boils and ground cracking. 
Comments: Epicentral Distance=2.1km 
Focal Depth=8km, Normal faulting. 
Buried river channel material 
Liquefaction occurred in the 1977 Matata (ML=5.4) event.
Liquefaction did not occurr in the 1992 Bay of Plenty (ML=6.1) event. 
Sand boils jetted to 0.5 m high and flowed for about 10 min. 
Water on the ground up to 200 mm deep, eels stranded on 
the ground surface. 
Sand boils generally about 0.3 m high. 
CPT and hang auguring. 
D50 of ejecta was 0.51 mm 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP-SM 
Critical Layer (m) 2.0 to 5.5 D50(mm) 0.51 
Median Depth (m) 3.75 %Fines 5 
st.dev. 0.58 %PI na 
Depth to GWT (m) 0.76 
st.dev. 0.30 
σv (kPa) 57.37 qc (MPa) 4.92 
st.dev. 9.26 st.dev. 2.04 
σv' (kPa) 28.03 fs (kPa) 18.07 
st.dev. 4.29 st.dev. 5.34 
amax (g) 0.44 norm. exp. 0.60 
st.dev. 0.09 Cq, Cf 2.00 
rd 0.88 Cthin 1.00 
st.dev. 0.07 fs1 (kPa) 36.13 
Corrected Magnitude 6.60 st.dev. 10.69 
st.dev. 0.13 qc1 (MPa) 9.83 
CSReq 0.51 st.dev. 4.09 
st.dev. 0.16 Rf1(%) 0.37 
C.O.V.CSR 0.31 stdev 0.19 
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Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX) 
Location: Robinson Farm West Side RBN004.PPT 
References: Christensen (1995), Zhao et al. (1997) 
Nature of Failure: Evidence of liquefaction 
Comments: Epicentral Distance=1.5km 
Focal Depth=8km, Normal faulting. 
Buried river channel material 
Liquefaction occurred in the 1977 Matata (ML=5.4) event.
Liquefaction did not occurr in the 1992 Bay of Plenty (ML=6.1) event. 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class C Soil Class SP-SM 
Critical Layer (m) 1.0 to 2.8 D50(mm) 0.42 
Median Depth (m) 1.90 %Fines 5 
st.dev. 0.30 %PI na 
Depth to GWT (m) 0.61 
st.dev. 0.30 
σv (kPa) 28.84 qc (MPa) 3.66 
st.dev. 4.75 st.dev. 0.52 
σv' (kPa) 16.19 fs (kPa) 0.01 
st.dev. 3.13 st.dev. 0.01 
amax (g) 0.44 norm. exp. 0.73 
st.dev. 0.13 Cq, Cf 2.00 
rd 0.95 Cthin 1.00 
st.dev. 0.04 fs1 (kPa) 0.01 
Corrected Magnitude 6.60 st.dev. 0.01 
st.dev. 0.13 qc1 (MPa) 7.32 
CSReq 0.48 st.dev. 1.04 
st.dev. 0.19 Rf1(%) 0.10 
C.O.V.CSR 0.39 stdev 0.00 
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Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Sewage Pumping Station SPS001
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: Broken buried pipes, large displacement of pumping station, sand
 
boils and ejecta on street and sidewalks 
Comments: Up to a meter of displacement of associated pump structure 
Epicentral Distance = 18.2km 
Focal Depth  = 8km, Normal faulting 
Ejecta retrieved from the surface 
Possibly failed during the foreshock (ML = 5.2, epicentral distance= 
15.3km, amax = 0.09g) that occurred 7 minutes prior to main shock 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP 
Critical Layer (m) 2.0 to 8.0 D50(mm) 0.12 
Median Depth (m) 5.00 %Fines 5 
st.dev. 1.00 %PI na 
Depth to GWT (m) 1.29 
st.dev. 0.30 
σv (kPa) 76.21 qc (MPa) 4.03 
st.dev. 15.71 st.dev. 1.26 
σv' (kPa) 39.81 fs (kPa) 11.94 
st.dev. 5.94 st.dev. 7.45 
amax (g) 0.26 norm. exp. 0.67 
st.dev. 0.05 Cq, Cf 1.85 
rd 0.85 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 22.13 
Corrected Magnitude 6.60 st.dev. 13.81 
st.dev. 0.13 qc1 (MPa) 7.47 
CSReq 0.28 st.dev. 2.34 
st.dev. 0.09 Rf1(%) 0.30 
C.O.V.CSR 0.34 stdev 0.21 
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Earthquake:	 1987 Edgecumbe, New Zealand
 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Whakatane Hospital HSP001
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: No liquefaction
 
Comments:	 Some ground improvement was done prior to construction of the 
hospital 
Epicentral Distance = 17.7km 
Focal Depth = 8 km, Normal faulting 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
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Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SP? 
Critical Layer (m) 4.4 to 5.0 D50(mm) 
Median Depth (m) 4.70 %Fines 5 
st.dev. 0.10 %PI na 
Depth to GWT (m) 4.40 
st.dev. 0.30 
σv (kPa) 68.45 qc (MPa) 13.80 
st.dev. 3.23 st.dev. 1.82 
σv' (kPa) 65.51 fs (kPa) 67.07 
st.dev. 3.90 st.dev. 8.87 
amax (g) 0.26 norm. exp. 0.50 
st.dev. 0.05 Cq, Cf 1.24 
rd 0.87 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 82.87 
Corrected Magnitude 6.60 st.dev. 10.96 
st.dev. 0.13 qc1 (MPa) 17.05 
CSReq 0.15 st.dev. 2.25 
st.dev. 0.04 Rf1(%) 0.49 
C.O.V.CSR 0.24 stdev 0.09 
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Earthquake: 1987 Edgecumbe, New Zealand 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX) 
Location: Whakatane Pony Club WPC001 
References: Christensen (1995), Zhao et al. (1997) 
Nature of Failure: Lateral spreading, ground cracking, and sand boils 
Comments: Floodplain deposits 
Epicentral Distance = 17.5km 
Focal Depth = 8 km, Normal faulting. 
CPTU, rotary boing, and hand augering performed. 
Ejecta a beige to dark grey fine sand 
No match of ejecta at depth 
Lower strata may have liquefied as well 
PGA estimated from local, regional, and calibrated general 
attenuation relationships. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP-SM 
Critical Layer (m) 3.6 to 4.6 D50(mm) 0.13 
Median Depth (m) 4.10 %Fines 10 
st.dev. 0.17 %PI 
Depth to GWT (m) 2.35 
st.dev. 0.30 
σv (kPa) 61.20 qc (MPa) 4.18 
st.dev. 3.21 st.dev. 0.80 
σv' (kPa) 44.03 fs (kPa) 4.18 
st.dev. 3.33 st.dev. 0.80 
amax (g) 0.27 norm. exp. 0.88 
st.dev. 0.05 Cq, Cf 2.00 
rd 0.89 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 8.36 
Corrected Magnitude 6.60 st.dev. 1.59 
st.dev. 0.13 qc1 (MPa) 8.36 
CSReq 0.22 st.dev. 1.59 
st.dev. 0.05 Rf1(%) 0.10 
C.O.V.CSR 0.24 stdev 0.03 
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Earthquake:	 1987 Edgecumbe, New Zealand
 
Magnitude: ML=6.3 (MS=6.6) (MMI=IX)
 
Location: Whakatane Board Mill - Saw Mill WBM001& 2
 
References: Christensen (1995), Zhao et al. (1997)
 
Nature of Failure: No liquefaction
 
Comments:	 Near the Landing Road Bridge where extensive liquefaction and 
lateral spreading occurred 
Epicentral Distance = 16.1km
 
Focal Depth = 8 km, Normal faulting.
 
No surface evidence of liquefaction.
 
PGA estimated from local, regional, and calibrated general
 
attenuation relationships.
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Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SM? 
Critical Layer (m) 7 to 8 D50(mm) 
Median Depth (m) 7.50 %Fines 5 
st.dev. 0.17 %PI 
Depth to GWT (m) 1.44 
st.dev. 0.30 
σv (kPa) 114.81 qc (MPa) 7.39 
st.dev. 4.76 st.dev. 2.02 
σv' (kPa) 55.36 fs (kPa) 31.70 
st.dev. 4.85 st.dev. 8.68 
amax (g) 0.27 norm. exp. 0.63 
st.dev. 0.08 Cq, Cf 1.45 
rd 0.74 Cthin 1.00 
st.dev. 0.13 fs1 (kPa) 46.01 
Corrected Magnitude 6.60 st.dev. 12.60 
st.dev. 0.13 qc1 (MPa) 10.73 
CSReq 0.27 st.dev. 2.94 
st.dev. 0.10 Rf1(%) 0.43 
C.O.V.CSR 0.36 stdev 0.17 
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Loma Prieta Event
The case histories for the Loma Prieta earthquake are lumped into four major groups. If
the CPT case history correlates with an SPT case history from Cetin (2000) then the PGA
and critical layer depth from that study was generally used.  Site response for most of
Loma Prieta sites was performed by Cetin (2000).
The groups are:
1) The case histories reported by Mitchell et al. (1994) and Kayen et al. (1998)
usually correlated with Cetin (2000) sites.
2) Moss Landing sites reported by Boulanger et al. (1995) and bolstered by other
reports.  Some of these correlated to the sites processed by Boulanger et al. (1997)
and some correlated to sites processed by Cetin et al. (2000). Each site will note
whether is it based on the former or the latter.
3) Sites processed and reported by Toprak et al. (1999) and Bennett & Tinsley
(1995).  Their PGA’s were modified by fitting an attenuation relationship to the 
many strong motion recordings from the event.
4) Other.
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Model Airport 18 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~14km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 3.7 to 4.5 D50 (mm) 0.21 
Median Depth (m) 4.10 %Fines 21 
st.dev. 0.13 %PI na 
Depth to GWT (m) 2.40 
st.dev. 0.30 
σv (kPa) 70.70 qc (MPa) 5.73 
st.dev. 3.28 st.dev. 0.93 
σv' (kPa) 54.02 fs (kPa) 19.93 
st.dev. 2.90 st.dev. 3.98 
amax (g) 0.29 norm. exp. 0.72 
st.dev. 0.07 Cq, Cf 1.56 
rd 0.89 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 31.05 
Corrected Magnitude 7.00 st.dev. 6.20 
st.dev. 0.12 qc1 (MPa) 8.93 
CSReq 0.22 st.dev. 1.45 
st.dev. 0.06 Rf1(%) 0.35 
C.O.V.CSR 0.27 stdev 0.09 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Model Airport 21 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~14km 
The critical layer is over the depth range of 3.4 to 4.7 m. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SP-SM 
Critical Layer (m) 3.4 to 4.7 D50 (mm) 0.47 
Median Depth (m) 4.05 %Fines 7 
st.dev. 0.22 %PI 
Depth to GWT (m) 2.40 
st.dev. 0.30 
σv (kPa) 69.75 qc (MPa) 5.28 
st.dev. 4.61 st.dev. 1.60 
σv' (kPa) 53.56 fs (kPa) 15.88 
st.dev. 3.07 st.dev. 3.29 
amax (g) 0.29 norm. exp. 0.74 
st.dev. 0.07 Cq, Cf 1.59 
rd 0.89 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 25.21 
Corrected Magnitude 7.00 st.dev. 5.22 
st.dev. 0.12 qc1 (MPa) 8.38 
CSReq 0.22 st.dev. 2.54 
st.dev. 0.06 Rf1(%) 0.30 
C.O.V.CSR 0.28 stdev 0.11 
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Earthquake: 1989 Loma Prieta
 
Magnitude: Ms=7.1
 
Location: Alameda Bay Farm Island (Dike Location)
 
References: Mitchell et al. (1994), Kayen & Mitchell (1997)
 
Nature of Failure: No failure, DDC improved site.
 
Comments:	 Western portion consists of sandy Hydraulic fill, underlain by bay mud 
and deeper stiffer soil. 
Liquefaction occurred along the western and northern sections of 
the island. 
Deep Dynamic Compaction was performed in the western perimeter 
dike to prevent liquefaction. 
PGA was recorded at 0.27 & 0.21 at the Alameda Naval Air Station. 
Correlated with SPT from Cetin et al. (2000) 
Corrected water table from 97 reference. 
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Summary of Data: 
Stress Strength 
Liquefied N 
Data Class A Soil Class SP-SM 
Critical Layer (m) 5 to 6 D50 (mm) 0.28 
Median Depth (m) 5.50 %Fines 7 
st.dev. 0.17 %PI 
Depth to GWT (m) 2.50 
st.dev. 0.30 
σv (kPa) 103.75 qc (MPa) 7.10 
st.dev. 4.23 st.dev. 2.70 
σv' (kPa) 74.32 fs (kPa) 152.37 
st.dev. 3.56 st.dev. 25.35 
amax (g) 0.24 norm. exp. 0.34 
st.dev. 0.02 Cq, Cf 1.11 
rd 0.95 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 168.54 
Corrected Magnitude 7.00 st.dev. 28.04 
st.dev. 0.12 qc1 (MPa) 7.85 
CSReq 0.16 st.dev. 2.98 
st.dev. 0.03 Rf1(%) 2.15 
C.O.V.CSR 0.15 stdev 0.89 
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Earthquake: 1989 Loma Prieta
 
Magnitude: Ms=7.1
 
Location: San Francisco Oakland Bay Bridge (SFOBB-1)
 
References: Mitchell et al. (1994), Kayen et al. (1998)
 
Nature of Failure: Lateral spreading, sand boils, and fissures.
 
Comments: Sand boils and lateral spreading.
 
Correlated with SPT from Cetin et al. (2000) 
Site response analysis performed. 
PGA from strong motion instrument OHW (0.29 & 0.27g) 
Site reponse analyes had difficulty in achieving strong motion 
peaks (max 0.25g) 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SP-SM 
Critical Layer (m) 6.25 to 7.0 D50 (mm) 0.28 
Median Depth (m) 6.75 %Fines 8 
st.dev. 0.13 %PI 
Depth to GWT (m) 2.99 
st.dev. 0.30 
σv (kPa) 127.53 qc (MPa) 5.28 
st.dev. 4.03 st.dev. 0.68 
σv' (kPa) 90.64 fs (kPa) 34.83 
st.dev. 3.90 st.dev. 4.99 
amax (g) 0.28 norm. exp. 0.66 
st.dev. 0.01 Cq, Cf 1.07 
rd 0.79 Cthin 1.00 
st.dev. 0.01 fs1 (kPa) 37.16 
Corrected Magnitude 7.00 st.dev. 5.32 
st.dev. 0.12 qc1 (MPa) 5.63 
CSReq 0.17 st.dev. 0.73 
st.dev. 0.01 Rf1(%) 0.66 
C.O.V.CSR 0.06 stdev 0.13 
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Earthquake: 1989 Loma Prieta
 
Magnitude: Ms=7.1
 
Location: San Francisco Oakland Bay Bridge (SFOBB-2)
 
References: Mitchell et al. (1994), Kayen et al. (1998)
 
Nature of Failure: Lateral spreading, sand boils, and fissures.
 
Comments: Sand boils and lateral spreading.
 
Correlated with SPT from Cetin et al. (2000) 
Site response analysis performed. 
PGA from strong motion instrument OHW (0.29 & 0.27g) 
Site reponse analyes had difficulty in achieving strong motion 
peaks (max 0.25g) 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SP-SM 
Critical Layer (m) 6.5 to 8.5 D50 (mm) 0.26 
Median Depth (m) 7.50 %Fines 10 
st.dev. 0.34 %PI 
Depth to GWT (m) 2.99 
st.dev. 0.30 
σv (kPa) 141.03 qc (MPa) 8.66 
st.dev. 7.74 st.dev. 1.91 
σv' (kPa) 96.79 fs (kPa) 47.96 
st.dev. 4.72 st.dev. 16.72 
amax (g) 0.28 norm. exp. 0.62 
st.dev. 0.01 Cq, Cf 1.02 
rd 0.76 Cthin 1.00 
st.dev. 0.02 fs1 (kPa) 48.94 
Corrected Magnitude 7.00 st.dev. 17.07 
st.dev. 0.12 qc1 (MPa) 8.84 
CSReq 0.18 st.dev. 1.95 
st.dev. 0.01 Rf1(%) 0.55 
C.O.V.CSR 0.06 stdev 0.23 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Farris 58 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SP-SM 
Critical Layer (m) 7.4 to 8.0 D50 (mm) 0.25 
Median Depth (m) 7.70 %Fines 5 
st.dev. 0.10 %PI 
Depth to GWT (m) 4.80 
st.dev. 0.30 
σv (kPa) 131.90 qc (MPa) 8.74 
st.dev. 4.16 st.dev. 0.36 
σv' (kPa) 103.45 fs (kPa) 41.87 
st.dev. 4.18 st.dev. 1.14 
amax (g) 0.31 norm. exp. 0.67 
st.dev. 0.08 Cq, Cf 0.98 
rd 0.74 Cthin 1.00 
st.dev. 0.13 fs1 (kPa) 40.93 
Corrected Magnitude 7.00 st.dev. 1.11 
st.dev. 0.12 qc1 (MPa) 8.54 
CSReq 0.19 st.dev. 0.35 
st.dev. 0.06 Rf1(%) 0.48 
C.O.V.CSR 0.31 stdev 0.02 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Farris 61 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 6.0 to 7.3 D50 (mm) 0.11 
Median Depth (m) 6.65 %Fines 21 
st.dev. 0.22 %PI 
Depth to GWT (m) 4.20 
st.dev. 0.30 
σv (kPa) 110.43 qc (MPa) 3.89 
st.dev. 5.15 st.dev. 0.53 
σv' (kPa) 86.39 fs (kPa) 31.53 
st.dev. 3.92 st.dev. 1.95 
amax (g) 0.31 norm. exp. 0.64 
st.dev. 0.08 Cq, Cf 1.10 
rd 0.78 Cthin 1.00 
st.dev. 0.12 fs1 (kPa) 34.63 
Corrected Magnitude 7.00 st.dev. 2.14 
st.dev. 0.12 qc1 (MPa) 4.27 
CSReq 0.20 st.dev. 0.58 
st.dev. 0.06 Rf1(%) 0.81 
C.O.V.CSR 0.30 stdev 0.12 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1989 Loma Prieta 
Ms=7.1
 
Farris Farm Site
 
Holzer et al. (1994)
 
Lateral spreading and sand boils.
 
Corresponds with SPT from Cetin et al. (2000) 
PGA based on site response analysis and 
calibrated attenuation relationship pinned to local 
strong ground motion stations 
Strength 
Y 
A Soil Class SP-SM 
6.0 to 7.0 D50 (mm) 0.20 
6.50 %Fines 8 
0.17 %PI 
4.50 
0.30 
106.75 qc (MPa) 4.05 
4.50 st.dev. 0.48 
87.13 fs (kPa) 28.58 
3.87 st.dev. 2.28 
0.31 norm. exp. 0.67 
0.08 Cq, Cf 1.10 
0.90 Cthin 1.00 
0.02 fs1 (kPa) 31.34 
7.00 st.dev. 2.50 
0.12 qc1 (MPa) 4.44 
0.28 st.dev. 0.52 
0.05 Rf1(%) 0.71 
0.18 stdev 0.10 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1989 Loma Prieta 
Ms=7.1 
General Fish CPT-6 
Boulanger et al. (1995), Rutherford Chekene (1993) 
No Liquefaction 
Strength 
N 
A Soil Class SW 
2.2 to 3.2 D50(mm) 0.60 
2.70 %Fines 4 
0.17 %PI 
1.70 
0.30 
48.90 qc (MPa) 9.36 
3.79 st.dev. 1.44 
39.09 fs (kPa) 29.57 
3.74 st.dev. 2.46 
0.25 norm. exp. 0.70 
0.03 Cq, Cf 1.93 
0.94 Cthin 1.00 
0.05 fs1 (kPa) 57.07 
7.00 st.dev. 4.75 
0.12 qc1 (MPa) 18.06 
0.19 st.dev. 2.78 
0.03 Rf1(%) 0.32 
0.17 stdev 0.06 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Granite Construction 123 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~12km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP-SM 
Critical Layer (m) 7.2 to 7.8 D50 (mm) 0.19 
Median Depth (m) 7.50 %Fines 18 
st.dev. 0.10 %PI 
Depth to GWT (m) 5.00 
st.dev. 0.30 
σv (kPa) 127.50 qc (MPa) 4.45 
st.dev. 4.15 st.dev. 0.29 
σv' (kPa) 102.98 fs (kPa) 22.26 
st.dev. 4.17 st.dev. 6.93 
amax (g) 0.31 norm. exp. 0.73 
st.dev. 0.08 Cq, Cf 0.98 
rd 0.75 Cthin 1.00 
st.dev. 0.13 fs1 (kPa) 21.79 
Corrected Magnitude 7.00 st.dev. 6.78 
st.dev. 0.12 qc1 (MPa) 4.36 
CSReq 0.18 st.dev. 0.28 
st.dev. 0.06 Rf1(%) 0.50 
C.O.V.CSR 0.31 stdev 0.16 
312
 
  
 313
 
  
  
 
 
 
 
 
Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1989 Loma Prieta 
Ms=7.1 
Harbor Office UC-12 & 13 
Boulanger et al. (1995) 
Liquefaction 
Strength 
Y 
B Soil Class SM 
2.9 to 4.7 D50(mm) 0.20 
3.80 %Fines 15 
0.30 %PI 
1.90 
0.30 
66.50 qc (MPa) 5.94 
6.14 st.dev. 3.46 
47.86 fs (kPa) 34.21 
4.24 st.dev. 7.77 
0.25 norm. exp. 0.56 
0.08 Cq, Cf 1.51 
0.91 Cthin 1.00 
0.07 fs1 (kPa) 51.68 
7.00 st.dev. 11.74 
0.12 qc1 (MPa) 8.98 
0.20 st.dev. 5.23 
0.07 Rf1(%) 0.58 
0.34 stdev 0.36 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Jefferson 121 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~29km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP-SM 
Critical Layer (m) 6.5 to 7.75 D50 (mm) 0.35 
Median Depth (m) 7.13 %Fines 7 
st.dev. 0.21 %PI 
Depth to GWT (m) 3.40 
st.dev. 0.30 
σv (kPa) 126.88 qc (MPa) 5.67 
st.dev. 5.16 st.dev. 0.90 
σv' (kPa) 90.33 fs (kPa) 25.38 
st.dev. 4.14 st.dev. 1.88 
amax (g) 0.18 norm. exp. 0.71 
st.dev. 0.05 Cq, Cf 1.07 
rd 0.79 Cthin 1.00 
st.dev. 0.12 fs1 (kPa) 27.28 
Corrected Magnitude 7.00 st.dev. 2.03 
st.dev. 0.12 qc1 (MPa) 6.10 
CSReq 0.13 st.dev. 0.97 
st.dev. 0.04 Rf1(%) 0.45 
C.O.V.CSR 0.30 stdev 0.08 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Jefferson 141 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~33km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 3.1 to 4.5 D50 (mm) 0.13 
Median Depth (m) 3.80 %Fines 26 
st.dev. 0.23 %PI 
Depth to GWT (m) 2.10 
st.dev. 0.30 
σv (kPa) 66.95 qc (MPa) 1.86 
st.dev. 4.82 st.dev. 0.47 
σv' (kPa) 50.27 fs (kPa) 15.53 
st.dev. 3.20 st.dev. 3.04 
amax (g) 0.18 norm. exp. 0.70 
st.dev. 0.05 Cq, Cf 1.62 
rd 0.91 Cthin 1.00 
st.dev. 0.07 fs1 (kPa) 25.13 
Corrected Magnitude 7.00 st.dev. 4.91 
st.dev. 0.12 qc1 (MPa) 3.02 
CSReq 0.14 st.dev. 0.75 
st.dev. 0.04 Rf1(%) 0.83 
C.O.V.CSR 0.28 stdev 0.26 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Jefferson 148 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist=28.7km 
320
 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP-SM 
Critical Layer (m) 7.0 to 7.9 D50 (mm) 0.41 
Median Depth (m) 7.45 %Fines 5 
st.dev. 0.15 %PI 
Depth to GWT (m) 3.00 
st.dev. 0.30 
σv (kPa) 137.78 qc (MPa) 6.89 
st.dev. 4.57 st.dev. 1.73 
σv' (kPa) 94.12 fs (kPa) 26.06 
st.dev. 4.22 st.dev. 3.37 
amax (g) 0.18 norm. exp. 0.75 
st.dev. 0.04 Cq, Cf 1.05 
rd 0.78 Cthin 1.00 
st.dev. 0.13 fs1 (kPa) 27.27 
Corrected Magnitude 7.00 st.dev. 3.53 
st.dev. 0.12 qc1 (MPa) 7.21 
CSReq 0.13 st.dev. 1.81 
st.dev. 0.04 Rf1(%) 0.38 
C.O.V.CSR 0.30 stdev 0.11 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Jefferson Ranch 32 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~29km 
Summary of Data: 
Stress 
Liquefied Y Strength 
Data Class B Soil Class SP 
Critical Layer (m) 2.3 to 3.1 D50 (mm) 0.28 
Median Depth (m) 2.70 %Fines 4 
st.dev. 0.13 %PI 
Depth to GWT (m) 1.80 
st.dev. 0.30 
σv (kPa) 45.90 qc (MPa) 2.61 
st.dev. 2.98 st.dev. 0.39 
σv' (kPa) 37.07 fs (kPa) 8.17 
st.dev. 2.55 st.dev. 0.59 
amax (g) 0.17 norm. exp. 0.79 
st.dev. 0.04 Cq, Cf 2.00 
rd 0.95 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 16.34 
Corrected Magnitude 7.00 st.dev. 1.19 
st.dev. 0.12 qc1 (MPa) 5.22 
CSReq 0.13 st.dev. 0.77 
st.dev. 0.03 Rf1(%) 0.31 
C.O.V.CSR 0.27 stdev 0.05 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Kett 74 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~11km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 2.3 to 3.1 D50 (mm) 0.67 
Median Depth (m) 2.70 %Fines 15 
st.dev. 0.13 %PI 
Depth to GWT (m) 1.50 
st.dev. 0.30 
σv (kPa) 48.15 qc (MPa) 5.07 
st.dev. 3.01 st.dev. 0.55 
σv' (kPa) 36.38 fs (kPa) 60.88 
st.dev. 2.55 st.dev. 14.23 
amax (g) 0.32 norm. exp. 0.46 
st.dev. 0.08 Cq, Cf 1.59 
rd 0.93 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 96.94 
Corrected Magnitude 7.00 st.dev. 22.65 
st.dev. 0.12 qc1 (MPa) 8.08 
CSReq 0.26 st.dev. 0.88 
st.dev. 0.07 Rf1(%) 1.20 
C.O.V.CSR 0.27 stdev 0.31 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Leonardini 37 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: No Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
Summary of Data:
 
Stress Strength
 
Liquefied N 
Data Class B Soil Class SP-SM 
Critical Layer (m) 2.9 to 6.1 D50 (mm) 0.11 
Critical Depth (m) 4.50 %Fines 13 
st.dev. 0.53 %PI 
Depth to GWT (m) 2.50 
st.dev. 0.30 
σv (kPa) 78.00 qc (MPa) 3.90 
st.dev. 10.38 st.dev. 0.90 
σv' (kPa) 58.38 fs (kPa) 13.48 
st.dev. 4.39 st.dev. 1.35 
amax (g) 0.17 norm. exp. 0.74 
st.dev. 0.04 Cq, Cf 1.49 
rd 0.89 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 20.07 
Corrected Magnitude 7.00 st.dev. 2.01 
st.dev. 0.12 qc1 (MPa) 5.81 
CSReq 0.13 st.dev. 1.34 
st.dev. 0.04 Rf1(%) 0.35 
C.O.V.CSR 0.31 stdev 0.09 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Leonardini 39 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SP-SM 
Critical Layer (m) 2.3 to 4.7 D50 (mm) 0.21 
Critical Depth (m) 3.50 %Fines 11 
st.dev. 0.40 %PI 
Depth to GWT (m) 1.90 
st.dev. 0.30 
σv (kPa) 60.80 qc (MPa) 3.03 
st.dev. 7.82 st.dev. 0.94 
σv' (kPa) 45.10 fs (kPa) 4.76 
st.dev. 3.58 st.dev. 0.65 
amax (g) 0.17 norm. exp. 0.87 
st.dev. 0.04 Cq, Cf 2.00 
rd 0.92 Cthin 1.00 
st.dev. 0.07 fs1 (kPa) 9.51 
Corrected Magnitude 7.00 st.dev. 1.30 
st.dev. 0.12 qc1 (MPa) 6.07 
CSReq 0.14 st.dev. 1.88 
st.dev. 0.04 Rf1(%) 0.16 
C.O.V.CSR 0.30 stdev 0.05 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Leonardini 51 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 3.1 to 3.7 D50 (mm) 0.09 
Median Depth (m) 3.40 %Fines 36 
st.dev. 0.10 %PI 
Depth to GWT (m) 1.80 
st.dev. 0.30 
σv (kPa) 59.20 qc (MPa) 1.22 
st.dev. 2.61 st.dev. 0.16 
σv' (kPa) 43.50 fs (kPa) 5.86 
st.dev. 2.63 st.dev. 0.53 
amax (g) 0.17 norm. exp. 0.81 
st.dev. 0.04 Cq, Cf 1.96 
rd 0.93 Cthin 1.00 
st.dev. 0.07 fs1 (kPa) 11.49 
Corrected Magnitude 7.00 st.dev. 1.04 
st.dev. 0.12 qc1 (MPa) 2.39 
CSReq 0.14 st.dev. 0.32 
st.dev. 0.04 Rf1(%) 0.48 
C.O.V.CSR 0.27 stdev 0.08 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Leonardini 52a 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: No Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~32km 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SP-SM 
Critical Layer (m) 3.8 to 4.5 D50 (mm) 0.16 
Median Depth (m) 4.15 %Fines 12 
st.dev. 0.12 %PI 
Depth to GWT (m) 2.70 
st.dev. 0.30 
σv (kPa) 72.83 qc (MPa) 2.77 
st.dev. 3.14 st.dev. 0.77 
σv' (kPa) 58.60 fs (kPa) 65.16 
st.dev. 2.94 st.dev. 3.96 
amax (g) 0.17 norm. exp. 0.60 
st.dev. 0.04 Cq, Cf 1.38 
rd 0.90 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 89.79 
Corrected Magnitude 7.00 st.dev. 5.46 
st.dev. 0.12 qc1 (MPa) 3.82 
CSReq 0.12 st.dev. 1.07 
st.dev. 0.03 Rf1(%) 1.17 
C.O.V.CSR 0.27 stdev 0.67 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Leonardini 53 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicetral dist~28km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP-SM 
Critical Layer (m) 2.7 to 3.6 D50 (mm) 0.18 
Median Depth (m) 3.15 %Fines 10 
st.dev. 0.15 %PI 
Depth to GWT (m) 2.10 
st.dev. 0.30 
σv (kPa) 55.13 qc (MPa) 3.56 
st.dev. 3.41 st.dev. 0.44 
σv' (kPa) 44.82 fs (kPa) 10.12 
st.dev. 2.73 st.dev. 3.80 
amax (g) 0.17 norm. exp. 0.78 
st.dev. 0.04 Cq, Cf 1.87 
rd 0.93 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 18.93 
Corrected Magnitude 7.00 st.dev. 7.11 
st.dev. 0.12 qc1 (MPa) 6.65 
CSReq 0.13 st.dev. 0.82 
st.dev. 0.03 Rf1(%) 0.28 
C.O.V.CSR 0.27 stdev 0.11 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Martella 111 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: No Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~33km 
The critical layer is over the depth range of 4.6 to 5.1 m. 
Summary of Data:
 
Stress Strength
 
Liquefied N 
Data Class B Soil Class SM 
Critical Layer (m) 1.7 to 5.1 D50 (mm) 0.21 
Critical Depth (m) 3.40 %Fines 15 
st.dev. 0.57 %PI 
Depth to GWT (m) 1.70 
st.dev. 0.30 
σv (kPa) 60.18 qc (MPa) 2.86 
st.dev. 11.15 st.dev. 0.54 
σv' (kPa) 43.50 fs (kPa) 13.46 
st.dev. 4.29 st.dev. 1.17 
amax (g) 0.15 norm. exp. 0.71 
st.dev. 0.04 Cq, Cf 1.81 
rd 0.93 Cthin 1.00 
st.dev. 0.07 fs1 (kPa) 24.30 
Corrected Magnitude 7.00 st.dev. 2.11 
st.dev. 0.12 qc1 (MPa) 5.16 
CSReq 0.12 st.dev. 0.98 
st.dev. 0.04 Rf1(%) 0.47 
C.O.V.CSR 0.33 stdev 0.10 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Marine Laboratory C4 
References: Boulanger et al. (1995) Woodward Clyde (89) 
Nature of Failure: Lateral spreading and clayey-silt boils 
Comments: Correlates with Cetin B-2 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Strength 
Y 
A Soil Class SW 
5.2 to 5.8 D50(mm) 0.50 
5.50 %Fines 3 
0.10 %PI 
2.50 
0.30 
95.75 qc (MPa) 2.12 
3.31 st.dev. 0.42 
66.32 fs (kPa) 10.91 
3.19 st.dev. 2.53 
0.25 norm. exp. 0.78 
0.03 Cq, Cf 1.38 
0.84 Cthin 1.00 
0.10 fs1 (kPa) 15.02 
7.00 st.dev. 3.49 
0.12 qc1 (MPa) 2.92 
0.20 st.dev. 0.58 
0.03 Rf1(%) 0.51 
0.16 stdev 0.16 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Marine Laboratory UC-7 
References: Boulanger et al. (1995) 
Nature of Failure: Lateral spreading and clayey-silt boils 
Comments:	 Boulanger saw no boils directly related to this liquefied layer 
inferred from bore log. 
Water table different from reported in log, reflects 
tide at the time of event. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SM 
Critcal Layer (m) 7.6 to 9.8 D50(mm) 0.10 
Median Depth (m) 8.30 %Fines 30 
st.dev. 0.50 %PI 
Depth to GWT (m) 2.00 
st.dev. 0.30 
σv (kPa) 148.55 qc (MPa) 4.53 
st.dev. 10.20 st.dev. 1.42 
σv' (kPa) 86.75 fs (kPa) 54.16 
st.dev. 5.68 st.dev. 19.52 
amax (g) 0.25 norm. exp. 0.55 
st.dev. 0.03 Cq, Cf 1.08 
rd 0.73 Cthin 1.00 
st.dev. 0.14 fs1 (kPa) 58.56 
Corrected Magnitude 7.00 st.dev. 21.11 
st.dev. 0.12 qc1 (MPa) 4.90 
CSReq 0.20 st.dev. 1.53 
st.dev. 0.05 Rf1(%) 1.20 
C.O.V.CSR 0.24 stdev 0.57 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: MBARI  3 RC-6 
References: Boulanger et al. (1995), Rutherford Chekene (1988) 
Nature of Failure: No Liquefaction 
Comments: Corresponds to Cetin EB-1 
Summary of Data:
 
Stress Strength
 
Liquefied N 
Data Class A Soil Class SW 
Critical Layer (m) 3.0 to 4.5 D50(mm) 0.60 
Median Depth (m) 3.75 %Fines 1 
st.dev. 0.25 %PI 
Depth to GWT (m) 2.60 
st.dev. 0.30 
σv (kPa) 64.03 qc (MPa) 13.38 
st.dev. 5.31 st.dev. 0.87 
σv' (kPa) 52.74 fs (kPa) 27.51 
st.dev. 3.05 st.dev. 7.88 
amax (g) 0.25 norm. exp. 0.74 
st.dev. 0.03 Cq, Cf 1.61 
rd 0.91 Cthin 1.00 
st.dev. 0.07 fs1 (kPa) 44.16 
Corrected Magnitude 7.00 st.dev. 12.64 
st.dev. 0.12 qc1 (MPa) 21.48 
CSReq 0.18 st.dev. 1.39 
st.dev. 0.03 Rf1(%) 0.21 
C.O.V.CSR 0.16 stdev 0.06 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: MBARI 3 RC-7 
References: Boulanger et al. (1995), Rutherford Chekene (1988) 
Nature of Failure: No Liquefaction 
Comments:
 
Summary of Data:
 
Stress Strength
 
Liquefied N 
Data Class A Soil Class SW 
Critical Layer (m) 4.0 to 5.0 D50(mm) 0.60 
Median Depth (m) 4.50 %Fines 1 
st.dev. 0.17 %PI 
Depth to GWT (m) 3.70 
st.dev. 0.30 
σv (kPa) 74.80 qc (MPa) 9.33 
st.dev. 4.19 st.dev. 0.62 
σv' (kPa) 66.95 fs (kPa) 27.61 
st.dev. 3.24 st.dev. 4.96 
amax (g) 0.25 norm. exp. 0.70 
st.dev. 0.03 Cq, Cf 1.32 
rd 0.88 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 36.56 
Corrected Magnitude 7.00 st.dev. 6.57 
st.dev. 0.12 qc1 (MPa) 12.35 
CSReq 0.16 st.dev. 0.81 
st.dev. 0.02 Rf1(%) 0.30 
C.O.V.CSR 0.16 stdev 0.06 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: MBARI 4 CPT-1 
References: Boulanger et al. (1995), Rutherford Chekene (1993) 
Nature of Failure: No Liquefaction 
Comments:
 
Summary of Data:
 
Stress Strength
 
Liquefied N 
Data Class A Soil Class SW 
Critical Layer (m) 2.3 to 3.5 D50(mm) 0.60 
Median Depth (m) 2.90 %Fines 4 
st.dev. 0.20 %PI 
Depth to GWT (m) 1.90 
st.dev. 0.30 
σv (kPa) 48.08 qc (MPa) 9.59 
st.dev. 4.46 st.dev. 1.02 
σv' (kPa) 38.27 fs (kPa) 27.03 
st.dev. 3.28 st.dev. 4.50 
amax (g) 0.25 norm. exp. 0.70 
st.dev. 0.03 Cq, Cf 1.96 
rd 0.93 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 52.94 
Corrected Magnitude 7.00 st.dev. 8.81 
st.dev. 0.12 qc1 (MPa) 18.79 
CSReq 0.19 st.dev. 1.99 
st.dev. 0.03 Rf1(%) 0.28 
C.O.V.CSR 0.17 stdev 0.06 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: McGowan Farm 136 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: No Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~15km 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SP-SM 
Critical Layer (m) 2.4 to 3.1 D50 (mm) 0.15 
Median Depth (m) 2.75 %Fines 11 
st.dev. 0.13 %PI 
Depth to GWT (m) 2.40 
st.dev. 0.30 
σv (kPa) 46.36 qc (MPa) 3.70 
st.dev. 2.99 st.dev. 0.36 
σv' (kPa) 42.92 fs (kPa) 41.19 
st.dev. 2.74 st.dev. 3.12 
amax (g) 0.26 norm. exp. 0.55 
st.dev. 0.07 Cq, Cf 1.59 
rd 0.94 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 65.59 
Corrected Magnitude 7.00 st.dev. 4.97 
st.dev. 0.12 qc1 (MPa) 5.90 
CSReq 0.17 st.dev. 0.57 
st.dev. 0.05 Rf1(%) 1.11 
C.O.V.CSR 0.27 stdev 0.14 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: McGowan Farm 138 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: No Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~14km 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SM 
Critical Layer (m) 7.0 to 8.5 D50 (mm) 0.14 
Median Depth (m) 7.75 %Fines 18 
st.dev. 0.25 %PI 
Depth to GWT (m) 1.80 
st.dev. 0.30 
σv (kPa) 144.54 qc (MPa) 8.30 
st.dev. 6.31 st.dev. 0.13 
σv' (kPa) 86.17 fs (kPa) 0.02 
st.dev. 4.80 st.dev. 0.00 
amax (g) 0.28 norm. exp. 0.53 
st.dev. 0.07 Cq, Cf 1.08 
rd 0.74 Cthin 1.00 
st.dev. 0.13 fs1 (kPa) 0.02 
Corrected Magnitude 7.00 st.dev. 0.00 
st.dev. 0.12 qc1 (MPa) 8.98 
CSReq 0.23 st.dev. 0.14 
st.dev. 0.07 Rf1(%) 0.90 
C.O.V.CSR 0.32 stdev 0.20 
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Earthquake: 1989 Loma Prieta 
Magnitude: MS=7.1 
Location: Miller Farm CMF 3 
References: Bennett & Tinsley (1995) 
Nature of Failure: Lateral spreading, sliding, and sand boils 
Comments: Correlated with SPT from Cetin et al. (2000) 
Site response analysis performed. 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~12km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SM/ML 
Critical Layer (m) 5.75 to 7.50 D50(mm) 0.12 
Median Depth (m) 6.50 %Fines 27 
st.dev. 0.29 %PI 
Depth to GWT (m) 5.70 
st.dev. 0.30 
σv (kPa) 103.55 qc (MPa) 3.17 
st.dev. 6.74 st.dev. 1.40 
σv' (kPa) 95.70 fs (kPa) 22.66 
st.dev. 4.46 st.dev. 9.52 
amax (g) 0.30 norm. exp. 0.71 
st.dev. 0.07 Cq, Cf 1.03 
rd 0.83 Cthin 1.00 
st.dev. 0.02 fs1 (kPa) 23.38 
Corrected Magnitude 7.00 st.dev. 9.82 
st.dev. 0.12 qc1 (MPa) 3.27 
CSReq 0.26 st.dev. 1.44 
st.dev. 0.04 Rf1(%) 0.72 
C.O.V.CSR 0.16 stdev 0.44 
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Earthquake: 1989 Loma Prieta 
Magnitude: MS=7.1 
Location: Miller Farm CMF 5 
References: Bennett & Tinsley (1995) 
Nature of Failure: Lateral spreading, sliding, and sand boils 
Comments: Correlated with SPT from Cetin et al. (2000) 
Site response analysis performed. 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~12km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SM 
Critical Layer (m) 5.5 to 8.5 D50(mm) 0.19 
Median Depth (m) 7.00 %Fines 13 
st.dev. 0.51 %PI 
Depth to GWT (m) 4.70 
st.dev. 0.30 
σv (kPa) 122.40 qc (MPa) 7.13 
st.dev. 10.47 st.dev. 1.57 
σv' (kPa) 99.84 fs (kPa) 34.88 
st.dev. 5.18 st.dev. 12.20 
amax (g) 0.30 norm. exp. 0.63 
st.dev. 0.07 Cq, Cf 1.00 
rd 0.77 Cthin 1.00 
st.dev. 0.12 fs1 (kPa) 34.91 
Corrected Magnitude 7.00 st.dev. 12.21 
st.dev. 0.12 qc1 (MPa) 7.13 
CSReq 0.29 st.dev. 1.57 
st.dev. 0.04 Rf1(%) 0.49 
C.O.V.CSR 0.13 stdev 0.20 
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Earthquake: 1989 Loma Prieta 
Magnitude: MS=7.1 
Location: Miller Farm CMF 8 
References: Bennett & Tinsley (1995) 
Nature of Failure: Lateral spreading, sliding, and sand boils 
Comments: Correlated with SPT from Cetin et al. (2000) 
Site response analysis performed. 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~12km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SM 
Critical Layer (m) 6.8 to 8.0 D50(mm) 0.20 
Median Depth (m) 7.40 %Fines 15 
st.dev. 0.20 %PI 
Depth to GWT (m) 4.91 
st.dev. 0.30 
σv (kPa) 123.42 qc (MPa) 4.79 
st.dev. 5.29 st.dev. 0.94 
σv' (kPa) 98.99 fs (kPa) 12.19 
st.dev. 4.16 st.dev. 9.08 
amax (g) 0.30 norm. exp. 0.81 
st.dev. 0.07 Cq, Cf 1.01 
rd 0.73 Cthin 1.00 
st.dev. 0.01 fs1 (kPa) 12.29 
Corrected Magnitude 7.00 st.dev. 9.15 
st.dev. 0.12 qc1 (MPa) 4.83 
CSReq 0.25 st.dev. 0.94 
st.dev. 0.03 Rf1(%) 0.25 
C.O.V.CSR 0.13 stdev 0.20 
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Earthquake: 1989 Loma Prieta 
Magnitude: MS=7.1 
Location: Miller Farm CMF 10 
References: Bennett & Tinsley (1995) 
Nature of Failure: Lateral spreading, sliding, and sand boils 
Comments: Correlated with SPT from Cetin et al. (2000) 
Site response analysis performed. 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~12km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SM 
Critical Layer (m) 7.0 to 9.7 D50(mm) 0.15 
Median Depth (m) 8.65 %Fines 20 
st.dev. 0.45 %PI 
Depth to GWT (m) 3.00 
st.dev. 0.30 
σv (kPa) 155.35 qc (MPa) 4.79 
st.dev. 9.52 st.dev. 2.41 
σv' (kPa) 99.92 fs (kPa) 92.40 
st.dev. 5.36 st.dev. 9.12 
amax (g) 0.30 norm. exp. 0.45 
st.dev. 0.07 Cq, Cf 1.00 
rd 0.88 Cthin 1.00 
st.dev. 0.02 fs1 (kPa) 92.43 
Corrected Magnitude 7.00 st.dev. 9.12 
st.dev. 0.12 qc1 (MPa) 4.80 
CSReq 0.37 st.dev. 2.41 
st.dev. 0.06 Rf1(%) 1.93 
C.O.V.CSR 0.15 stdev 0.99 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Marinovich 65 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~14km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 6.8 to 9.4 D50 (mm) 0.16 
Median Depth (m) 8.60 %Fines 12 
st.dev. 0.60 %PI 
Depth to GWT (m) 5.60 
st.dev. 0.30 
σv (kPa) 150.90 qc (MPa) 7.19 
st.dev. 12.42 st.dev. 0.55 
σv' (kPa) 121.47 fs (kPa) 48.48 
st.dev. 6.07 st.dev. 5.77 
amax (g) 0.28 norm. exp. 0.65 
st.dev. 0.07 Cq, Cf 0.88 
rd 0.95 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 42.72 
Corrected Magnitude 7.00 st.dev. 5.09 
st.dev. 0.12 qc1 (MPa) 6.33 
CSReq 0.21 st.dev. 0.48 
st.dev. 0.06 Rf1(%) 0.67 
C.O.V.CSR 0.28 stdev 0.10 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Marinovich 67 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: No Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~14km 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SM 
Critical Layer (m) 6.2 to 7.0 D50 (mm) 0.21 
Median Depth (m) 6.60 %Fines 15 
st.dev. 0.13 %PI 
Depth to GWT (m) 6.20 
st.dev. 0.30 
σv (kPa) 113.40 qc (MPa) 14.93 
st.dev. 4.87 st.dev. 1.08 
σv' (kPa) 109.48 fs (kPa) 103.79 
st.dev. 4.57 st.dev. 3.33 
amax (g) 0.28 norm. exp. 0.55 
st.dev. 0.07 Cq, Cf 0.95 
rd 0.95 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 98.75 
Corrected Magnitude 7.00 st.dev. 3.17 
st.dev. 0.12 qc1 (MPa) 14.21 
CSReq 0.18 st.dev. 1.03 
st.dev. 0.05 Rf1(%) 0.70 
C.O.V.CSR 0.27 stdev 0.06 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1989 Loma Prieta
 
Ms=7.1
 
Port of Oakland (P007-2)
 
Mitchell et al. (1994), Kayen et al. (1998)
 
Lateral spreading, sand boils, and fissures.
 
Correlated with SPT from Cetin et al. (2000)
 
Site response analysis performed.
 
PGA from Outer Oakland Harbor 0.29 & 0.27
 
Water table different from reported on log.
 
Strength 
Y 
B Soil Class SW 
5.5 to 6.8 D50 (mm) 0.30 
6.15 %Fines 3 
0.66 %PI 
2.30 
0.30 
111.18 qc (MPa) 5.71 
13.02 st.dev. 0.68 
73.41 fs (kPa) 25.87 
5.50 st.dev. 1.66 
0.28 norm. exp. 0.70 
0.03 Cq, Cf 1.24 
0.81 Cthin 1.00 
0.11 fs1 (kPa) 32.12 
7.00 st.dev. 2.07 
0.12 qc1 (MPa) 7.09 
0.22 st.dev. 0.84 
0.05 Rf1(%) 0.45 
0.22 stdev 0.06 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Critical Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1989 Loma Prieta
 
Ms=7.1
 
Port of Oakland (P007-3)
 
Mitchell et al. (1994), Kayen et al. (1998)
 
Lateral spreading, sand boils, and fissures.
 
Correlated with SPT from Cetin et al. (2000)
 
Site response analysis performed.
 
PGA from Outer Oakland Harbor 0.29 & 0.27
 
Water table different from reported on log.
 
CPT and SPT are out of sync.
 
Strength 
Y 
B Soil Class SW 
7.1 to 8.1 D50 (mm) 0.32 
7.60 %Fines 5 
0.17 %PI 
2.30 
0.30 
137.50 qc (MPa) 9.00 
4.95 st.dev. 1.08 
85.51 fs (kPa) 22.82 
4.35 st.dev. 3.47 
0.28 norm. exp. 0.77 
0.03 Cq, Cf 1.13 
0.75 Cthin 1.00 
0.13 fs1 (kPa) 25.75 
7.00 st.dev. 3.92 
0.12 qc1 (MPa) 10.15 
0.22 st.dev. 1.22 
0.05 Rf1(%) 0.25 
0.21 stdev 0.05 
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Earthquake: 1989 Loma Prieta
 
Magnitude: Ms=7.1
 
Location: Port of Richmond (POR-2)
 
References: Mitchell et al. (1994), Kayen et al. (1998)
 
Nature of Failure: Lateral spreading, sand boils, and fissures.
 
Comments: Sand boils and lateral spreading.
 
Correlated with SPT from Cetin et al. (2000) 
Site response analysis performed. 
Water table different from reported on log based on 
subsequent reports and tide tables for the time of earthquake. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SC/CL 
Critical Layer (m) 5.3 to 7.6 D50 (mm) 0.09 
Median Depth (m) 6.45 %Fines 50 
st.dev. 0.38 %PI 
Depth to GWT (m) 2.40 
st.dev. 0.30 
σv (kPa) 114.15 qc (MPa) 2.14 
st.dev. 7.95 st.dev. 0.61 
σv' (kPa) 74.42 fs (kPa) 13.36 
st.dev. 4.17 st.dev. 1.86 
amax (g) 0.16 norm. exp. 0.74 
st.dev. 0.03 Cq, Cf 1.24 
rd 0.82 Cthin 1.00 
st.dev. 0.11 fs1 (kPa) 16.62 
Corrected Magnitude 7.00 st.dev. 2.32 
st.dev. 0.12 qc1 (MPa) 2.66 
CSReq 0.13 st.dev. 0.76 
st.dev. 0.03 Rf1(%) 0.63 
C.O.V.CSR 0.26 stdev 0.20 
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Earthquake: 1989 Loma Prieta
 
Magnitude: Ms=7.1
 
Location: Port of Richmond (POR-3)
 
References: Mitchell et al. (1994), Kayen et al. (1998)
 
Nature of Failure: Lateral spreading, sand boils, and fissures.
 
Comments: Sand boils and lateral spreading.
 
Correlated with SPT from Cetin et al. (2000) 
Site response analysis performed. 
Water table different from reported on log based on 
subsequent reports and tide tables for the time of earthquake. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SC/CL 
Critical Layer (m) 5.0 to 7.0 D50 (mm) 0.09 
Median Depth (m) 6.00 %Fines 25 
st.dev. 0.33 %PI 
Depth to GWT (m) 2.40 
st.dev. 0.30 
σv (kPa) 106.80 qc (MPa) 2.03 
st.dev. 6.97 st.dev. 0.88 
σv' (kPa) 71.48 fs (kPa) 9.66 
st.dev. 4.01 st.dev. 1.99 
amax (g) 0.16 norm. exp. 0.78 
st.dev. 0.03 Cq, Cf 1.30 
rd 0.84 Cthin 1.00 
st.dev. 0.11 fs1 (kPa) 12.55 
Corrected Magnitude 7.00 st.dev. 2.58 
st.dev. 0.12 qc1 (MPa) 2.64 
CSReq 0.13 st.dev. 1.15 
st.dev. 0.03 Rf1(%) 0.48 
C.O.V.CSR 0.25 stdev 0.23 
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Earthquake: 1989 Loma Prieta
 
Magnitude: Ms=7.1
 
Location: Port of Richmond (POR-4)
 
References: Mitchell et al. (1994), Kayen et al. (1998)
 
Nature of Failure: Lateral spreading, sand boils, and fissures.
 
Comments: Sand boils and lateral spreading.
 
Correlated with SPT from Cetin et al. (2000) 
Site response analysis performed. 
Water table different from reported on log based on 
subsequent reports and tide tables for the time of earthquake. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 6.0 to 7.0 D50 (mm) 0.09 
Median Depth (m) 6.50 %Fines 25 
st.dev. 0.17 %PI 
Depth to GWT (m) 2.40 
st.dev. 0.30 
σv (kPa) 116.30 qc (MPa) 2.32 
st.dev. 4.48 st.dev. 0.47 
σv' (kPa) 76.08 fs (kPa) 9.88 
st.dev. 3.81 st.dev. 1.23 
amax (g) 0.16 norm. exp. 0.80 
st.dev. 0.03 Cq, Cf 1.24 
rd 0.82 Cthin 1.00 
st.dev. 0.11 fs1 (kPa) 12.29 
Corrected Magnitude 7.00 st.dev. 1.53 
st.dev. 0.12 qc1 (MPa) 2.88 
CSReq 0.13 st.dev. 0.59 
st.dev. 0.03 Rf1(%) 0.43 
C.O.V.CSR 0.25 stdev 0.10 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Radovich 98 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: No Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~14km 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SP-SM 
Critical Layer (m) 5.1 to 8.75 D50 (mm) 0.27 
Median Depth (m) 6.93 %Fines 7 
st.dev. 0.61 %PI 
Depth to GWT (m) 3.50 
st.dev. 0.30 
σv (kPa) 124.54 qc (MPa) 7.87 
st.dev. 12.30 st.dev. 1.64 
σv' (kPa) 90.94 fs (kPa) 53.73 
st.dev. 5.53 st.dev. 21.20 
amax (g) 0.28 norm. exp. 0.60 
st.dev. 0.07 Cq, Cf 1.06 
rd 0.95 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 56.88 
Corrected Magnitude 7.00 st.dev. 22.44 
st.dev. 0.12 qc1 (MPa) 8.33 
CSReq 0.24 st.dev. 1.74 
st.dev. 0.07 Rf1(%) 0.68 
C.O.V.CSR 0.29 stdev 0.30 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Radovich 99 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
Depth discrepancy between SPT and CPT. 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~14km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 4.75 to 6.9 D50 (mm) 0.16 
Median Depth (m) 4.83 %Fines 18 
st.dev. 0.18 %PI 
Depth to GWT (m) 4.10 
st.dev. 0.30 
σv (kPa) 79.38 qc (MPa) 5.21 
st.dev. 4.42 st.dev. 0.76 
σv' (kPa) 72.26 fs (kPa) 38.30 
st.dev. 3.54 st.dev. 5.37 
amax (g) 0.28 norm. exp. 0.62 
st.dev. 0.07 Cq, Cf 1.22 
rd 0.95 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 46.85 
Corrected Magnitude 7.00 st.dev. 6.57 
st.dev. 0.12 qc1 (MPa) 6.37 
CSReq 0.19 st.dev. 0.93 
st.dev. 0.05 Rf1(%) 0.74 
C.O.V.CSR 0.28 stdev 0.15 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Critical Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1989 Loma Prieta 
Ms=7.1 
Sandholdt Road UC2 
Boulanger et al. (1995) 
No Liquefaction 
Near inclinometer SI-4 
Water different from what reported in the log, reflects
tide at the time of earthquake. 
Strength 
N 
A Soil Class SW 
3.0 to 4.5 D50(mm) 0.70 
3.75 %Fines 4 
0.25 %PI 
2.70 
0.30 
61.20 qc (MPa) 16.47 
5.40 st.dev. 4.91 
50.90 fs (kPa) 48.62 
3.51 st.dev. 8.72 
0.25 norm. exp. 0.65 
0.03 Cq, Cf 1.55 
0.91 Cthin 1.00 
0.07 fs1 (kPa) 75.42 
7.00 st.dev. 13.53 
0.12 qc1 (MPa) 25.55 
0.18 st.dev. 7.61 
0.03 Rf1(%) 0.30 
0.17 stdev 0.10 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Sandholdt Road UC-4 
References: Boulanger et al. (1995) 
Nature of Failure: Liquefaction 
Comments: Correlated with SPT UC-B10 from Cetin et al. (2000) 
Site response analysis performed. 
Clay layers supect, increases the variance of measurements 
near inclinometer SI-2 
Water different from what reported in the log, reflects
tide at the time of earthquake. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SW 
Critical Layer (m) 2.4 to 4.6 D50(mm) 0.80 
Critical Depth (m) 3.50 %Fines 2 
st.dev. 0.37 %PI 
Depth to GWT (m) 2.70 
st.dev. 0.30 
σv (kPa) 56.40 qc (MPa) 6.60 
st.dev. 7.28 st.dev. 4.06 
σv' (kPa) 48.55 fs (kPa) 33.47 
st.dev. 2.99 st.dev. 9.71 
amax (g) 0.25 norm. exp. 0.60 
st.dev. 0.03 Cq, Cf 1.54 
rd 0.99 Cthin 1.00 
st.dev. 0.01 fs1 (kPa) 51.63 
Corrected Magnitude 7.00 st.dev. 14.98 
st.dev. 0.12 qc1 (MPa) 10.18 
CSReq 0.23 st.dev. 6.27 
st.dev. 0.03 Rf1(%) 0.51 
C.O.V.CSR 0.15 stdev 0.35 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1989 Loma Prieta 
Ms=7.1 
Sandholdt Road UC-6 
Boulanger et al. (1995) 
No Liquefaction 
Near inclinometer SI-5 
Water different from what reported in the log, reflects
tide at the time of earthquake. 
Strength 
N 
A Soil Class SW 
6.2 to 7.0 D50(mm) 0.60 
6.60 %Fines 1 
0.13 %PI 
2.70 
0.30 
123.90 qc (MPa) 18.83 
3.87 st.dev. 0.61 
85.64 fs (kPa) 56.94 
4.26 st.dev. 8.30 
0.25 norm. exp. 0.70 
0.03 Cq, Cf 1.11 
0.80 Cthin 1.00 
0.12 fs1 (kPa) 63.47 
7.00 st.dev. 9.25 
0.12 qc1 (MPa) 20.99 
0.19 st.dev. 0.68 
0.03 Rf1(%) 0.30 
0.19 stdev 0.05 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Sea Mist 31 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~27km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 2.8 to 3.7 D50 (mm) 0.10 
Median Depth (m) 3.25 %Fines 29 
st.dev. 0.15 %PI 
Depth to GWT (m) 0.80 
st.dev. 0.30 
σv (kPa) 60.33 qc (MPa) 1.33 
st.dev. 3.45 st.dev. 0.40 
σv' (kPa) 36.29 fs (kPa) 7.03 
st.dev. 2.80 st.dev. 1.36 
amax (g) 0.17 norm. exp. 0.76 
st.dev. 0.04 Cq, Cf 2.00 
rd 0.95 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 14.07 
Corrected Magnitude 7.00 st.dev. 2.73 
st.dev. 0.12 qc1 (MPa) 2.67 
CSReq 0.18 st.dev. 0.79 
st.dev. 0.05 Rf1(%) 0.53 
C.O.V.CSR 0.28 stdev 0.19 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Silliman 68 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~14km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 4.7 to 7.1 D50 (mm) 0.18 
Critical Depth (m) 5.90 %Fines 15 
st.dev. 0.40 %PI 
Depth to GWT (m) 3.50 
st.dev. 0.30 
σv (kPa) 103.37 qc (MPa) 4.82 
st.dev. 8.23 st.dev. 0.30 
σv' (kPa) 79.83 fs (kPa) 33.17 
st.dev. 4.28 st.dev. 1.04 
amax (g) 0.28 norm. exp. 0.64 
st.dev. 0.07 Cq, Cf 1.16 
rd 0.95 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 38.32 
Corrected Magnitude 7.00 st.dev. 1.21 
st.dev. 0.12 qc1 (MPa) 5.56 
CSReq 0.22 st.dev. 0.35 
st.dev. 0.06 Rf1(%) 0.69 
C.O.V.CSR 0.28 stdev 0.05 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: SP Bridge 48 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~13km 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP-SM 
Critical Layer (m) 6.0 to 7.5 D50 (mm) 0.17 
Median Depth (m) 6.75 %Fines 13 
st.dev. 0.25 %PI 
Depth to GWT (m) 5.30 
st.dev. 0.30 
σv (kPa) 114.38 qc (MPa) 3.95 
st.dev. 6.04 st.dev. 0.74 
σv' (kPa) 100.15 fs (kPa) 37.51 
st.dev. 4.38 st.dev. 3.13 
amax (g) 0.30 norm. exp. 0.61 
st.dev. 0.08 Cq, Cf 1.00 
rd 0.95 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 37.47 
Corrected Magnitude 7.00 st.dev. 3.13 
st.dev. 0.12 qc1 (MPa) 3.95 
CSReq 0.21 st.dev. 0.73 
st.dev. 0.06 Rf1(%) 0.95 
C.O.V.CSR 0.27 stdev 0.19 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Salinas River Bridge 117 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: No Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~41km 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SM 
Critical Layer (m) 6.4 to 7.4 D50 (mm) 0.23 
Median Depth (m) 6.90 %Fines 13 
st.dev. 0.17 %PI 
Depth to GWT (m) 6.40 
st.dev. 0.30 
σv (kPa) 113.97 qc (MPa) 5.53 
st.dev. 5.29 st.dev. 0.82 
σv' (kPa) 109.07 fs (kPa) 90.75 
st.dev. 4.71 st.dev. 16.83 
amax (g) 0.12 norm. exp. 0.46 
st.dev. 0.03 Cq, Cf 0.96 
rd 0.95 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 87.20 
Corrected Magnitude 7.00 st.dev. 16.17 
st.dev. 0.12 qc1 (MPa) 5.31 
CSReq 0.08 st.dev. 0.79 
st.dev. 0.02 Rf1(%) 1.64 
C.O.V.CSR 0.27 stdev 0.39 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Moss Landing State Beach UC-14 
References: Boulanger et al. (1995) 
Nature of Failure: Lateral spreading, flow liquefaction, sand boils. 
Comments: Corresponds to Cetin UC-B1 
Extensive lateral spreading caused damage to the access road.
Deformations on the order of 0.3 to 0.6 m horizontal, and 0.3 m 
vertical were observed near the location of the boring. 
This site is over the old Salinas River channel, over alluvial and 
estuarine deposits. It was low tide at the time of the earthquake. 
The critical layer consists of poorly graded sand. 
PGA from site response analysis (Cetin). 
Water different from what reported in the log, reflects
tide at the time of earthquake. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SP 
Critical Layer (m) 2.4 to 4.0 D50(mm) 0.28 
Median Depth (m) 3.20 %Fines 1 
st.dev. 0.27 %PI 
Depth to GWT (m) 2.40 
st.dev. 0.50 
σv (kPa) 52.40 qc (MPa) 4.68 
st.dev. 5.60 st.dev. 0.68 
σv' (kPa) 44.55 fs (kPa) 25.76 
st.dev. 3.86 st.dev. 3.03 
amax (g) 0.25 norm. exp. 0.65 
st.dev. 0.03 Cq, Cf 1.69 
rd 0.95 Cthin 1.00 
st.dev. 0.01 fs1 (kPa) 43.57 
Corrected Magnitude 7.00 st.dev. 5.13 
st.dev. 0.12 qc1 (MPa) 7.91 
CSReq 0.21 st.dev. 1.15 
st.dev. 0.03 Rf1(%) 0.55 
C.O.V.CSR 0.13 stdev 0.10 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Moss Landing State Beach UC-18 
References: Boulanger et al. (1995) 
Nature of Failure: No liquefaction 
Comments: No observed liquefaction or related damage at this location. 
The critical layer is composed of dune and beach deposits, 
differentiating it from the other borings that encountered 
alluvial and estuarine deposits associated with the old 
Salinas River channel. 
Water different from what reported in the log, reflects
tide at the time of earthquake. 
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Summary of Data: 
Stress Strength 
Liquefied N 
Data Class A Soil Class SP 
Critical Layer (m) 2.4 to 3.4 D50(mm) 0.60 
Median Depth (m) 2.90 %Fines 1 
st.dev. 0.17 %PI 
Depth to GWT (m) 2.40 
st.dev. 0.50 
σv (kPa) 48.40 qc (MPa) 10.40 
st.dev. 4.08 st.dev. 0.76 
σv' (kPa) 43.50 fs (kPa) 52.53 
st.dev. 3.32 st.dev. 3.25 
amax (g) 0.25 norm. exp. 0.72 
st.dev. 0.03 Cq, Cf 1.82 
rd 0.93 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 95.66 
Corrected Magnitude 7.00 st.dev. 5.92 
st.dev. 0.12 qc1 (MPa) 18.94 
CSReq 0.17 st.dev. 1.38 
st.dev. 0.03 Rf1(%) 0.27 
C.O.V.CSR 0.16 stdev 0.05 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Tanimura 105 
References: Toprak et al. (1999) and Bennett & Tinsley (1995) 
Nature of Failure: No Liquefaction 
Comments: Field investigations by Bennett & Tinsley (1995) 
Toprak et al. (1999) liquefaction analysis 
PGA from calibrated attenuation relationship pinned to local 
strong ground motion stations 
epicentral dist~32km 
Summary of Data: 
Stress Strength 
Liquefied N 
Data Class B Soil Class SM 
Critical Layer (m) 4.2 to 6.8 D50 (mm) 0.08 
Median Depth (m) 5.50 %Fines 41 
st.dev. 0.43 %PI 
Depth to GWT (m) 4.20 
st.dev. 0.30 
σv (kPa) 92.29 qc (MPa) 3.84 
st.dev. 8.88 st.dev. 0.34 
σv' (kPa) 79.54 fs (kPa) 15.77 
st.dev. 4.35 st.dev. 1.55 
amax (g) 0.15 norm. exp. 0.75 
st.dev. 0.04 Cq, Cf 1.19 
rd 0.95 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 18.73 
Corrected Magnitude 7.00 st.dev. 1.84 
st.dev. 0.12 qc1 (MPa) 4.56 
CSReq 0.11 st.dev. 0.41 
st.dev. 0.03 Rf1(%) 0.41 
C.O.V.CSR 0.29 stdev 0.05 
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Earthquake: 1989 Loma Prieta 
Magnitude: Ms=7.1 
Location: Treasure Island Naval Station 
References: De Alba et al. (1994), Rollins et al. (1994) 
Nature of Failure: No surface evidence but significant change in frequency content 
after 15s compared to the recorded motion at 98m. 
Comments: Corresponds with Cetin TI site 
Site response analysis performed. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 3.5 to 7.0 D50 (mm) 0.17 
Median Depth (m) 5.25 %Fines 20 
st.dev. 0.58 %PI 
Depth to GWT (m) 1.50 
st.dev. 0.30 
σv (kPa) 97.43 qc (MPa) 3.74 
st.dev. 11.60 st.dev. 1.41 
σv' (kPa) 60.64 fs (kPa) 31.63 
st.dev. 4.67 st.dev. 14.45 
amax (g) 0.16 norm. exp. 0.60 
st.dev. 0.03 Cq, Cf 1.35 
rd 0.87 Cthin 1.00 
st.dev. 0.10 fs1 (kPa) 42.70 
Corrected Magnitude 7.00 st.dev. 19.51 
st.dev. 0.12 qc1 (MPa) 5.05 
CSReq 0.14 st.dev. 1.91 
st.dev. 0.04 Rf1(%) 0.85 
C.O.V.CSR 0.27 stdev 0.50 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Corrected Magnitude 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1989 Loma Prieta 
Ms=7.1
 
Woodward Marine UC-11
 
Boulanger et al. (1995)
 
Lateral spreading, flow liquefaction, sand boils.
 
Coincident with Cetin's UC-B4 
Water different from what reported in the log, reflects
tide at the time of earthquake. 
Strength 
Y 
B Soil Class SM/ML 
2.5 to 3.4 D50(mm) 0.10 
2.85 %Fines 35 
0.15 %PI 
2.50 
0.30 
46.65 qc (MPa) 5.49 
3.60 st.dev. 1.00 
43.22 fs (kPa) 26.17 
3.88 st.dev. 2.37 
0.25 norm. exp. 0.64 
0.03 Cq, Cf 1.71 
0.99 Cthin 1.00 
0.01 fs1 (kPa) 44.76 
7.00 st.dev. 4.05 
0.12 qc1 (MPa) 9.40 
0.20 st.dev. 1.71 
0.04 Rf1(%) 0.48 
0.22 stdev 0.10 
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Northridge Event 
There were sites that correlated with Cetin (2000) sites, and the PGA and critical depth
were taken from that reference.  Cetin (200) performed site response analyses for these.
References 
Abdel-Haq, A. and Hryciw, R. D. (1998). "Ground Settlement in Simi Valley Following 
the Northridge Earthquake." Journal of Geotechnical Engineering, 124(1), 80-89.
Bennett, M. J., Ponti, D. J., Tinsley, J. C. I., Holzer, T. L., and Conaway, C. H. (1998).
"Subsurface Geotechnical Investigations Near Sites of Ground Deformation
Caused by the January 17, 1994, Northridge, California, Earthquake." Open File
Report 98-373, U.S. Department of the Interior, U.S. Geological Survey, Menlo
Park.
Holzer, T. L., Bennett, M. J., Ponti, D. J., and Tinsley, J. C. I. (1999). "Liquefaction and  
Soil Failure During 1994 Northridge Earthquake." Journal of Geotechnical
Engineering, 125(6), 438-452. 
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Earthquake: 1994 Northridge 
Magnitude: Ms=6.8 
Location: Balboa Blvd. Unit C 
References: Bennett et al. (1998) and Holzer et al. (1999) 
Nature of Failure: Ground cracking, cracked foundations, and ruptured buried utilities 
Comments: CPT, SPT, pocket pen,, torvane, and various lab tests 
Balboa Blvd. is the northern extent of the San Fernando Valley. 
Deformation occurred on the gently sloping alluvial fan surface of 
Valley.  Upper sediments are dominated by alluvial gravesl, sands, 
and finer sediments. 
Many strong motion recordings were acquired in the direct vicinty. 
PGA estimates from Cetin et al. (2000) site response study. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SM/ML 
Critical Layer (m) 8.3 to 9.8 D50(mm) 0.11 
Median Depth (m) 9.00 %Fines 43 
st.dev. 0.25 %PI 11 
Depth to GWT (m) 7.19 
st.dev. 0.30 
σv (kPa) 162.74 qc (MPa) 7.26 
st.dev. 6.91 st.dev. 4.11 
σv' (kPa) 144.99 fs (kPa) 187.30 
st.dev. 5.59 st.dev. 52.01 
amax (g) 0.69 norm. exp. 0.33 
st.dev. 0.06 Cq, Cf 0.88 
rd 0.54 Cthin 1.00 
st.dev. 0.15 fs1 (kPa) 165.69 
Corrected Magnitude 6.70 st.dev. 46.01 
st.dev. 0.13 qc1 (MPa) 6.43 
CSReq 0.36 st.dev. 3.63 
st.dev. 0.04 Rf1(%) 2.58 
C.O.V.CSR 0.10 stdev 1.62 
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Earthquake: 1994 Northridge 
Magnitude: Ms=6.8 
Location: Malden Street Unit D 
References: Bennett et al. (1998) and Holzer et al. (1999) 
Nature of Failure: Ground cracking, cracked foundations, and ruptured buried utilities 
Comments: CPT, SPT, pocket pen,, torvane, and various lab tests 
Malden Steeet site located in Potrero Canyon, in the Santa 
Susana Mtns. 
Ground cracking occurred at the interface between the valley 
alluvial sediments and the mountainside bedrock.
The site lies in the region of up dip projection fo the seismiogenic 
rupture surface. 
Many strong motion recordings in the area.  Cetin et al. (2000)
performed a site response study for this case history. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM/ML 
Critical Layer (m) 9.2 to 10.7 D50(mm) 0.25 
Median Depth (m) 9.95 %Fines 25 
st.dev. 0.25 %PI 12 
Depth to GWT (m) 3.90 
st.dev. 0.30 
σv (kPa) 169.80 qc (MPa) 3.11 
st.dev. 6.41 st.dev. 1.49 
σv' (kPa) 110.45 fs (kPa) 73.46 
st.dev. 5.45 st.dev. 18.65 
amax (g) 0.51 norm. exp. 0.45 
st.dev. 0.06 Cq, Cf 0.96 
rd 0.57 Cthin 1.00 
st.dev. 0.17 fs1 (kPa) 70.25 
Corrected Magnitude 6.70 st.dev. 17.83 
st.dev. 0.13 qc1 (MPa) 2.98 
CSReq 0.29 st.dev. 1.42 
st.dev. 0.09 Rf1(%) 2.36 
C.O.V.CSR 0.32 stdev 1.28 
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Earthquake: 1994 Northridge 
Magnitude: Ms=6.8 
Location: Potrero Canyon Unit C1 
References: Bennett et al. (1998) and Holzer et al. (1999) 
Nature of Failure: Ground cracking and lateral spreadiing 
Comments: CPT, SPT, pocket pen,, torvane, and various lab tests 
Potrero site located in Potrero Canyon, in the Santa 
Susana Mtns. 
Ground cracking occurred at the interface between the valley 
alluvial sediments and the mountainside bedrock.
The site lies in the region of up dip projection fo the seismiogenic 
rupture surface. 
Many strong motion recordings in the area.  Cetin et al. (2000)
performed a site response study for this case history. 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SM 
Critical Layer (m) 6 to 7 D50(mm) 0.10 
Median Depth (m) 6.50 %Fines 37.00 
st.dev. 0.17 %PI 
Depth to GWT (m) 3.30 
st.dev. 0.30 
σv (kPa) 122.67 qc (MPa) 6.22 
st.dev. 4.51 st.dev. 2.40 
σv' (kPa) 91.27 fs (kPa) 67.31 
st.dev. 3.92 st.dev. 15.82 
amax (g) 0.40 norm. exp. 0.50 
st.dev. 0.04 Cq, Cf 1.05 
rd 0.76 Cthin 1.00 
st.dev. 0.11 fs1 (kPa) 70.45 
Corrected Magnitude 6.70 st.dev. 16.56 
st.dev. 0.13 qc1 (MPa) 6.52 
CSReq 0.25 st.dev. 2.51 
st.dev. 0.04 Rf1(%) 1.08 
C.O.V.CSR 0.16 stdev 0.49 
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Earthquake: 1994 Northridge 
Magnitude: Ms=6.8 
Location: Rory Lane 
References: Abdel-Haq & Hryciw (1998) 
Nature of Failure: Ground cracking and sand boils 
Comments:	 Liquefaction and ground fissures in the eastern Simi Valley. 
Strong motion station USC Station #55 is located 0.8 km from site. 
Max PGA 0.73g N-S, 0.81g E-W. 
CPT, DMT, and soil sampling was performed. 
Located 14 km northwest of epicenter. 
North-South cround cracking occurred with up to 20 cm
 
of displacement. Other fissures and sand boils observed.
 
Site is flat ground. Subsurface is composed of highly stratified
 
silty sands, sandy silts, and sandy silty clays.
 
A liquefaction evaluation of the site occurred in 1992.
 
Site and seismograph station on an alluvial deposit of
 
appearantly similar geomorphologic origin.
 
The critical layer is over the depth range of 3 to 5 m. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class A Soil Class SM 
Critical Layer (m) 3 to 5 D50(mm) 
Median Depth (m) 4.00 %Fines 
st.dev. 0.33 %PI 
Depth to GWT (m) 2.70 
st.dev. 0.30 
σv (kPa) 66.60 qc (MPa) 3.62 
st.dev. 6.33 st.dev. 0.45 
σv' (kPa) 53.85 fs (kPa) 65.07 
st.dev. 3.66 st.dev. 31.62 
amax (g) 0.77 norm. exp. 0.45 
st.dev. 0.11 Cq, Cf 1.32 
rd 0.81 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 85.97 
Corrected Magnitude 6.70 st.dev. 41.77 
st.dev. 0.13 qc1 (MPa) 4.78 
CSReq 0.50 st.dev. 0.59 
st.dev. 0.10 Rf1(%) 1.80 
C.O.V.CSR 0.21 stdev 0.90 
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Earthquake: 1994 Northridge 
Magnitude: Ms=6.8 
Location: Wynne Ave. Unit C1 
References: Bennett et al. (1998) & Holzer et al. (1999) 
Nature of Failure: Ground cracking and lateral spreadiing 
Comments: CPT, SPT, pocket pen,, torvane, and various lab tests 
Wynne Ave site located a within a few km of the epicenter. 
Ground deformation in the form of a down dropped block and 
other cracking occurred. 
Site response was performed by Cetin et al. (2000). 
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Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class A Soil Class SM 
Critical Layer (m) 5.8 to 6.5 D50(mm) 0.15 
Median Depth (m) 6.13 %Fines 38 
st.dev. 0.13 %PI np 
Depth to GWT (m) 4.30 
st.dev. 0.30 
σv (kPa) 112.76 qc (MPa) 8.77 
st.dev. 3.50 st.dev. 5.64 
σv' (kPa) 94.85 fs (kPa) 98.79 
st.dev. 3.38 st.dev. 41.27 
amax (g) 0.54 norm. exp. 0.42 
st.dev. 0.04 Cq, Cf 1.02 
rd 0.74 Cthin 1.00 
st.dev. 0.11 fs1 (kPa) 101.01 
Corrected Magnitude 6.70 st.dev. 42.20 
st.dev. 0.13 qc1 (MPa) 8.96 
CSReq 0.35 st.dev. 5.77 
st.dev. 0.03 Rf1(%) 1.13 
C.O.V.CSR 0.10 stdev 0.87 
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Hyogoken-Nambu Event 
The case histories from this Mw=7.2 event are proprietary and were graciaciously
provided by Mr. Y. Suzuki of the Kajima Corporation and Prof. K. Tokimatsu of the
Tokyo Institute of Technology (Suzuki et al., 2003).  The map below shows the locations 
of the CPT sites (which have three letter designations corresponding to the logs), and 
SPT sites (which have number designations corresponding to the logs) with PGA 
contours from Cetin et al. (2000).  The PGA contours are based on regional and site 
response analyses, and correspond well with the observed concentrations of structural 
damage.  The CPT sites in the proximity of SPT sites are noted, and a comparison of their
respective critical layers and water table depths are described. 
References 
Cetin, K.O., Seed, R.B., Moss, R.E.S., Der Kiureghian, A., Tokimatsu, K. Harder, L.F.  
Jr., and Kayen, R.E.  (2000).  “Field Case Histories for SPT-Based In Situ  
Liquefaction Potential Evaluation.”  Geotechnical Engineering Research Report 
No. UCB/GT-2000/09. 
Suzuki, M., Tokimatsu, K., Moss, R.E.S., Seed, R.B., and Kayen, R.E.  (2003).  “CPT-
Based Liquefaction Field Case Histories from the 1995 Hyogoken-Nambu (Kobe) 
Earthquake, Japan.” Geotechnical Engineering Research Report No. UCB/GE-
2003/03. 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Dust Management Center, Amagasaki City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
6 to 8
 
7.00
 
0.33
 
2.00
 
0.30
 
119.50
 
6.72
 
70.45
 
4.92 
0.37 
0.11 
0.76 
0.12 
7.20 
0.11 
0.31 
0.11 
0.35 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 6.25 
st.dev. 2.02 
fs (kPa) 30.80 
st.dev. 7.64 
norm. exp. 0.64 
Cq, Cf 1.25 
Cthin 1.00 
fs1 (kPa) 38.53 
st.dev. 9.56 
qc1 (MPa) 7.83 
st.dev. 2.53 
Rf1(%) 0.49 
stdev 0.20 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1995 Hyogoken-Nambu (Kobe), Japan 
MW=7.2 
Fukuzumi Park, Kobe City 
Suzuki et al. (2003) 
No Liquefaction 
amax estimated 0.6-0.7 from contour map and 
nearby SMA's 
nearest to Cetin (2000) SPT 22 
Strength 
N
 
C Soil Class
 
11.0 to 12.5 D50(mm) 
11.75 %Fines 
0.33 %PI 
3.10 
0.30 
200.80 qc (MPa) 18.13 
8.24 st.dev. 3.66 
115.94 fs (kPa) 257.04 
6.85 st.dev. 88.38 
0.65 norm. exp. 0.40 
0.20 Cq, Cf 0.94 
0.48 Cthin 1.00 
0.19 fs1 (kPa) 242.28 
7.20 st.dev. 83.30 
0.11 qc1 (MPa) 17.09 
0.35 st.dev. 3.45 
0.18 Rf1(%) 1.42 
0.51 stdev 0.57 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1995 Hyogoken-Nambu (Kobe), Japan 
MW=7.2 
Hamakoshienn Housing Area, Nishinomiya City
Suzuki et al. (2003) 
Liquefaction 
similar and near to IES 
crit. Depth correlates with Cetin (2000) SPT 44 
Strength 
Y
 
B Soil Class
 
2.5 to 5.0 D50(mm) 
3.75 %Fines 
0.42 %PI 
2.00 
0.30 
67.13 qc (MPa) 4.65 
8.35 st.dev. 1.01 
49.96 fs (kPa) 30.19 
3.85 st.dev. 7.68 
0.50 norm. exp. 0.59 
0.15 Cq, Cf 1.51 
0.88 Cthin 1.00 
0.07 fs1 (kPa) 45.47 
7.20 st.dev. 11.57 
0.11 qc1 (MPa) 7.00 
0.38 st.dev. 1.51 
0.13 Rf1(%) 0.65 
0.34 stdev 0.22 
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HAH-1
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1995 Hyogoken-Nambu (Kobe), Japan 
MW=7.2 
Honjyo Central Park, Kobe City 
Suzuki et al. (2003) 
No Liquefaction 
estimated amax > 0.7 from contour map 
nearest Cetin (2000) SPT 32 & 30 
crit. Depth correlates w/ SPT 32 
Strength 
N 
B Soil Class 
4.0 to 6.0 D50(mm) 
5.00 %Fines 
0.33 %PI 
2.50 
0.30 
95.00 qc (MPa) 14.22 
7.25 st.dev. 3.08 
70.48 fs (kPa) 85.41 
3.98 st.dev. 30.20 
0.70 norm. exp. 0.56 
0.21 Cq, Cf 1.22 
0.78 Cthin 1.00 
0.09 fs1 (kPa) 103.90 
7.20 st.dev. 36.73 
0.11 qc1 (MPa) 17.30 
0.48 st.dev. 3.75 
0.16 Rf1(%) 0.60 
0.34 stdev 0.25 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1995 Hyogoken-Nambu (Kobe), Japan 
MW=7.2 
Imazu Elementary School, Nishinomiya City 
Suzuki et al. (2003) 
Liquefaction 
estimated amax=0.4-0.6 from contour map 
nearest Cetin (2000) SPT 44 
Y
 
C
 
8.0 to 12.0 
10.00 
0.67 
1.40 
0.30 
185.80 
13.87 
101.43 
7.23 
0.60 
0.18 
0.56 
0.17 
7.20 
0.11 
0.40 
0.17 
0.44 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 0.81 
st.dev. 0.20 
fs (kPa) 6.51 
st.dev. 2.28 
norm. exp. 0.90 
Cq, Cf 0.99 
Cthin 1.00 
fs1 (kPa) 6.43 
st.dev. 2.25 
qc1 (MPa) 0.80 
st.dev. 0.19 
Rf1(%) 0.80 
stdev 0.34 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Kobe Art Institute, Kobe City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
No Liquefaction 
N
 
B
 
3.5 to 3.8 
3.65 
0.05 
3.00 
0.30 
64.00 
2.38 
57.62 
2.86 
0.50 
0.15 
0.88 
0.07 
7.20 
0.11 
0.32 
0.10 
0.32 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 11.38 
st.dev. 4.48 
fs (kPa) 216.23 
st.dev. 121.64 
norm. exp. 0.33 
Cq, Cf 1.20 
Cthin 1.00 
fs1 (kPa) 259.37 
st.dev. 145.90 
qc1 (MPa) 13.64 
st.dev. 5.38 
Rf1(%) 1.90 
stdev 1.31 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Koyo Elementary School, Kobe City 
References: Suziki et al. (2003) 
Nature of Failure: Marginal, edge of liquefaction 
Comments: 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class 
Critical Layer (m) 6.5 to 7.0 D50(mm) 
Median Depth (m) 6.75 %Fines 
st.dev. 0.17 %PI 
Depth to GWT (m) 4.20 
st.dev. 0.30 
σv (kPa) 119.03 qc (MPa) 2.84 
st.dev. 4.61 st.dev. 1.39 
σv ' (kPa) 94.01 fs (kPa) 61.63 
st.dev. 3.91 st.dev. 29.94 
amax (g) 0.45 norm. exp. 0.54 
st.dev. 0.14 Cq, Cf 1.03 
rd 0.75 Cthin 1.00 
st.dev. 0.12 fs1 (kPa) 63.72 
Mw 7.20 st.dev. 30.96 
st.dev. 0.11 qc1 (MPa) 2.93 
CSReq 0.28 st.dev. 1.44 
st.dev. 0.10 Rf1(%) 2.17 
C.O.V.CSR 0.34 stdev 1.50 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Koyo Junior High School, Kobe City 
References: Suzuki et al. (2003) 
Nature of Failure: Marginal, Edge of Liquefaction 
Comments: 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class 
Critical Layer (m) 6.5 to 7.5 D50(mm) 
Median Depth (m) 7.00 %Fines 
st.dev. 0.17 %PI 
Depth to GWT (m) 4.00 
st.dev. 0.30 
σv (kPa) 124.50 qc (MPa) 7.83 
st.dev. 4.65 st.dev. 0.53 
σv ' (kPa) 95.07 fs (kPa) 97.46 
st.dev. 3.96 st.dev. 68.07 
amax (g) 0.45 norm. exp. 0.50 
st.dev. 0.14 Cq, Cf 1.03 
rd 0.74 Cthin 1.00 
st.dev. 0.12 fs1 (kPa) 99.95 
Mw 7.20 st.dev. 69.81 
st.dev. 0.11 qc1 (MPa) 8.03 
CSReq 0.28 st.dev. 0.54 
st.dev. 0.10 Rf1(%) 1.24 
C.O.V.CSR 0.35 stdev 0.87 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Kobe Customs Maya Office Site A, Kobe City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
4 to 9
 
6.50
 
0.17
 
1.80
 
0.30
 
121.35
 
4.66
 
75.24
 
3.97 
0.60 
0.18 
0.72 
0.11 
7.20 
0.11 
0.45 
0.16 
0.35 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 2.35 
st.dev. 0.27 
fs (kPa) 9.38 
st.dev. 2.87 
norm. exp. 0.78 
Cq, Cf 1.25 
Cthin 1.00 
fs1 (kPa) 11.71 
st.dev. 3.59 
qc1 (MPa) 2.93 
st.dev. 0.34 
Rf1(%) 0.40 
stdev 0.13 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Kobe Customs Maya Office Site B, Kobe City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
3 to 6
 
4.50
 
0.17
 
1.80
 
0.30
 
82.35
 
3.96
 
55.86
 
3.12 
0.60 
0.18 
0.83 
0.08 
7.20 
0.11 
0.48 
0.15 
0.32 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 5.09 
st.dev. 0.53 
fs (kPa) 44.37 
st.dev. 7.14 
norm. exp. 0.54 
Cq, Cf 1.37 
Cthin 1.00 
fs1 (kPa) 60.76 
st.dev. 9.78 
qc1 (MPa) 6.98 
st.dev. 0.73 
Rf1(%) 0.87 
stdev 0.17 
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KMO-B 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0 200 400 600 
qc (kgf/cm2) 
D
ep
th
 (m
) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0 2 4 6 8 
fs (kgf/cm2) 
D
ep
th
 (m
) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0 2 4 6 
Rf % 
D
ep
th
 (m
) 
434
 
  
 
Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1995 Hyogoken-Nambu (Kobe), Japan 
MW=7.2 
Kobe Port Construction Office, Kobe City 
Suzuki et al. (2003) 
Liquefaction 
estimated amax=0.4-0.5 from contour map 
v. close to Cetin (2000) SPT 17 
crit. depth correlates with SPT 
Y
 
B
 
3 to 5
 
4.00
 
0.13
 
2.50
 
0.30
 
70.50
 
3.32
 
55.79
 
2.91 
0.60 
0.18 
0.85 
0.08 
7.20 
0.11 
0.42 
0.13 
0.32 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 3.84 
st.dev. 0.74 
fs (kPa) 11.24 
st.dev. 3.68 
norm. exp. 0.76 
Cq, Cf 1.56 
Cthin 1.00 
fs1 (kPa) 17.51 
st.dev. 5.73 
qc1 (MPa) 5.99 
st.dev. 1.15 
Rf1(%) 0.29 
stdev 0.11 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Koyo Pump Station, Kobe City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
5 to 6
 
5.50
 
0.17
 
2.60
 
0.30
 
99.45
 
4.19
 
71.00
 
3.41 
0.45 
0.14 
0.81 
0.10 
7.20 
0.11 
0.33 
0.11 
0.33 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 1.90 
st.dev. 0.46 
fs (kPa) 33.32 
st.dev. 13.36 
norm. exp. 0.65 
Cq, Cf 1.25 
Cthin 1.00 
fs1 (kPa) 41.62 
st.dev. 16.69 
qc1 (MPa) 2.38 
st.dev. 0.57 
Rf1(%) 1.75 
stdev 0.82 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Kobe Wharf Public Company, Kobe City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
4.0 to 5.5 
4.75 
0.25 
2.10 
0.30 
86.33 
5.41 
60.33 
3.41 
0.45 
0.14 
0.84 
0.09 
7.20 
0.11 
0.35 
0.12 
0.33 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 4.34 
st.dev. 0.53 
fs (kPa) 33.73 
st.dev. 16.88 
norm. exp. 0.65 
Cq, Cf 1.39 
Cthin 1.00 
fs1 (kPa) 46.84 
st.dev. 23.44 
qc1 (MPa) 6.03 
st.dev. 0.74 
Rf1(%) 0.78 
stdev 0.40 
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KWC-1
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Minatojima Junior High School, Kobe City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
4.0 to 4.5 
4.25 
0.08 
2.70 
0.30 
74.78 
2.72 
59.57 
2.91 
0.45 
0.14 
0.86 
0.08 
7.20 
0.11 
0.32 
0.10 
0.32 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 3.37 
st.dev. 0.97 
fs (kPa) 31.52 
st.dev. 10.78 
norm. exp. 0.65 
Cq, Cf 1.40 
Cthin 1.00 
fs1 (kPa) 44.14 
st.dev. 15.10 
qc1 (MPa) 4.71 
st.dev. 1.35 
Rf1(%) 0.94 
stdev 0.42 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1995 Hyogoken-Nambu (Kobe), Japan 
MW=7.2 
Mizukasa Park, Kobe City 
Suzuki et al. (2003) 
Liquefaction 
estimated amax=0.5-0.6 from contour map 
nearest Cetin (2000) SPT 1,2 & 3 
crit. Depth correlates to SPT 
Y
 
C
 
6.9 to 7.9 
7.40 
0.17 
2.00 
0.30 
138.30 
5.00 
85.33 
4.36 
0.65 
0.20 
0.66 
0.13 
7.20 
0.11 
0.45 
0.16 
0.36 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 1.44 
st.dev. 0.53 
fs (kPa) 14.25 
st.dev. 4.61 
norm. exp. 0.75 
Cq, Cf 1.13 
Cthin 1.00 
fs1 (kPa) 16.05 
st.dev. 5.19 
qc1 (MPa) 1.63 
st.dev. 0.60 
Rf1(%) 0.99 
stdev 0.48 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1995 Hyogoken-Nambu (Kobe), Japan 
MW=7.2 
Nagashi Park 
Suzuki et al. (2003) 
No Liquefaction 
estimated amax=0.5-0.7 from contour map 
nearest Cetin (2000) SPT 32 
thin layer correction applied 
Strength 
N 
B Soil Class 
1.1 to 1.8 D50(mm) 
1.45 %Fines 
0.12 %PI 
1.00 
0.30 
26.00 qc (MPa) 6.04 
2.60 st.dev. 2.15 
21.59 fs (kPa) 63.38 
2.32 st.dev. 30.38 
0.65 norm. exp. 0.51 
0.20 Cq, Cf 2.00 
0.95 Cthin 1.20 
0.03 fs1 (kPa) 126.76 
7.20 st.dev. 60.77 
0.11 qc1 (MPa) 14.51 
0.49 st.dev. 4.31 
0.16 Rf1(%) 1.05 
0.33 stdev 0.49 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Nisseki Kobe Oil Tank Site A, Kobe City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
4.8 to 6.1 
5.45 
0.22 
2.40 
0.30 
99.08 
4.98 
69.15 
3.53 
0.60 
0.18 
0.78 
0.10 
7.20 
0.11 
0.43 
0.14 
0.33 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 4.07 
st.dev. 1.00 
fs (kPa) 24.66 
st.dev. 13.53 
norm. exp. 0.72 
Cq, Cf 1.30 
Cthin 1.00 
fs1 (kPa) 32.16 
st.dev. 17.65 
qc1 (MPa) 5.30 
st.dev. 1.31 
Rf1(%) 0.61 
stdev 0.36 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Nisseki Kobe Oil Tank Site B, Kobe City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
5.0 to 6.0 
5.50 
0.17 
2.40 
0.30 
100.05 
4.20 
69.64 
3.42 
0.60 
0.18 
0.78 
0.10 
7.20 
0.11 
0.43 
0.14 
0.33 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 4.85 
st.dev. 1.04 
fs (kPa) 35.84 
st.dev. 10.41 
norm. exp. 0.70 
Cq, Cf 1.29 
Cthin 1.00 
fs1 (kPa) 46.18 
st.dev. 13.41 
qc1 (MPa) 6.25 
st.dev. 1.34 
Rf1(%) 0.74 
stdev 0.27 
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NKO-3
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1995 Hyogoken-Nambu (Kobe), Japan 
MW=7.2 
New Port No. 6 Pier 
Suzuki et al. (2003) 
Liquefaction 
estimated amax=0.4-0.5 from contour map 
v. close to Cetin (2000) SPT 17 
crit. Depth correlates to SPT 
Y
 
B
 
3.5 to 5.5 
4.00 
0.33 
2.50 
0.30 
70.50 
6.82 
55.79 
3.55 
0.60 
0.18 
0.85 
0.08 
7.20 
0.11 
0.42 
0.14 
0.33 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 6.29 
st.dev. 1.06 
fs (kPa) 27.13 
st.dev. 5.03 
norm. exp. 0.70 
Cq, Cf 1.50 
Cthin 1.00 
fs1 (kPa) 40.81 
st.dev. 7.57 
qc1 (MPa) 9.47 
st.dev. 1.60 
Rf1(%) 0.43 
stdev 0.11 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: New Wharf Construction Offices 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
3.2 to 3.8 
3.50 
0.10 
2.60 
0.30 
60.45 
2.78 
51.62 
2.78 
0.45 
0.14 
0.89 
0.07 
7.20 
0.11 
0.31 
0.10 
0.32 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 2.33 
st.dev. 0.53 
fs (kPa) 21.81 
st.dev. 14.10 
norm. exp. 0.64 
Cq, Cf 1.53 
Cthin 1.00 
fs1 (kPa) 33.31 
st.dev. 21.52 
qc1 (MPa) 3.56 
st.dev. 0.81 
Rf1(%) 0.93 
stdev 0.64 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1995 Hyogoken-Nambu (Kobe), Japan 
MW=7.2 
Sumiyoshi Elementary School 
Suzuki et al. (2003) 
No Liquefaction 
estimated amax=0.5-0.7 from contour map 
nearest Cetin (2000) SPT 31 & 28 
crit. Depth correlates with SPT 31 
Strength 
N
 
B Soil Class
 
2.4 to 3.2 D50(mm) 
2.80 %Fines 
0.13 %PI 
1.90 
0.30 
46.92 qc (MPa) 10.30 
2.68 st.dev. 2.50 
38.09 fs (kPa) 67.98 
3.15 st.dev. 27.76 
0.60 norm. exp. 0.54 
0.18 Cq, Cf 1.68 
0.91 Cthin 1.00 
0.06 fs1 (kPa) 114.48 
7.20 st.dev. 46.75 
0.11 qc1 (MPa) 17.35 
0.43 st.dev. 4.20 
0.14 Rf1(%) 0.66 
0.32 stdev 0.31 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
MW=7.2 
Shimonakajima Park 
Suzuki et al. (2003) 
No Liquefaction 
N
 
B
 
3.0 to 4.5 
3.75 
0.17 
2.00 
0.30 
63.28 
3.36 
46.11 
3.38 
0.65 
0.20 
0.86 
0.07 
7.20 
0.11 
0.50 
0.16 
0.32 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 12.93 
st.dev. 0.53 
fs (kPa) 94.75 
st.dev. 55.98 
norm. exp. 0.53 
Cq, Cf 1.51 
Cthin 1.00 
fs1 (kPa) 142.82 
st.dev. 84.38 
qc1 (MPa) 19.49 
st.dev. 0.80 
Rf1(%) 0.73 
stdev 0.43 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Shiporex Kogyo Osaka Factory, Amagasaki City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
4.0 to 7.0 
5.50 
0.33 
1.50 
0.30 
93.95 
6.39 
54.71 
4.44 
0.40 
0.12 
0.82 
0.10 
7.20 
0.11 
0.37 
0.12 
0.34 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 2.51 
st.dev. 1.39 
fs (kPa) 10.42 
st.dev. 1.91 
norm. exp. 0.74 
Cq, Cf 1.56 
Cthin 1.00 
fs1 (kPa) 16.28 
st.dev. 2.99 
qc1 (MPa) 3.93 
st.dev. 2.18 
Rf1(%) 0.41 
stdev 0.24 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Tokuyama Concrete Factory 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
4.0 to 4.8 
4.40 
0.13 
2.00 
0.30 
74.52 
3.06 
50.98 
3.48 
0.50 
0.15 
0.85 
0.08 
7.20 
0.11 
0.40 
0.13 
0.32 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 1.49 
st.dev. 0.51 
fs (kPa) 5.91 
st.dev. 2.02 
norm. exp. 0.80 
Cq, Cf 1.71 
Cthin 1.00 
fs1 (kPa) 10.13 
st.dev. 3.46 
qc1 (MPa) 2.55 
st.dev. 0.88 
Rf1(%) 0.40 
stdev 0.19 
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Earthquake: 1995 Hyogoken-Nambu (Kobe), Japan 
Magnitude: MW=7.2 
Location: Taito Kobe Factory, Kobe City 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Suzuki et al. (2003) 
Liquefaction 
Y
 
B
 
3.2 to 4.2 
3.70 
0.17 
1.60 
0.30 
62.73 
3.35 
42.13 
3.38 
0.45 
0.14 
0.89 
0.07 
7.20 
0.11 
0.39 
0.13 
0.32 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 2.53 
st.dev. 0.45 
fs (kPa) 9.98 
st.dev. 2.49 
norm. exp. 0.75 
Cq, Cf 1.91 
Cthin 1.00 
fs1 (kPa) 19.08 
st.dev. 4.77 
qc1 (MPa) 4.85 
st.dev. 0.86 
Rf1(%) 0.39 
stdev 0.12 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1995 Hyogoken-Nambu (Kobe), Japan 
MW=7.2 
Yoshida Kogyo Factory 
Suzuki et al. (2003) 
No Liquefaction 
Strength 
N 
B Soil Class 
3 to 5 D50(mm) 
4.00 %Fines 
0.33 %PI 
3.00 
0.30 
69.00 qc (MPa) 7.89 
6.87 st.dev. 6.04 
59.19 fs (kPa) 214.05 
3.64 st.dev. 139.15 
0.50 norm. exp. 0.34 
0.15 Cq, Cf 1.20 
0.87 Cthin 1.00 
0.08 fs1 (kPa) 255.83 
7.20 st.dev. 166.32 
0.11 qc1 (MPa) 9.43 
0.33 st.dev. 7.22 
0.11 Rf1(%) 2.71 
0.33 stdev 2.73 
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Kocaeli Event 
This major strike-slip event occurred on the Northern Anatolian Fault in northwest
Turkey.  Widespread liquefaction, building damage and settlement, lateral spreading, and 
other seismic ground failures were observed after this earthquake.  A large
reconnaissance effort evaluated these after effects.  The PEER website contains a wealth
of site information including SPT and CPT logs, and site maps.  PGA estimates were
based on site response analyses and strong motion recordings.
There are two groups of sites.  The first group is from Phase 4 of the PEER research on
lateral spreads.  The sites included are considered “level” ground sites.  The second group
of sites are from the town of Adapazari.
References 
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Youd, T.L., Bardet, J.P., and Bray, J.D., ed. (2000).  “Kocaeli, Tureky, Earthquake of
August 17, 1999 Reconnaissance Report.” Earthquake Spectra, Vol. 16,
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Earthquake: 1999 Kocaeli, Turkey 
Magnitude: Mw=7.4 
Location: Hotel Spanca SH-4 GW 
References: PEER (2000), Cetin (2002) 
Nature of Failure: Lateral Spreading 
Comments: Level ground site. 
Lateral spreading site horizontal displacement of 30 cm 
and vertical displacement of 20 cm at the hole location. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class GW 
Critical Layer (m) 0.8 to 2.4 D50(mm) 6.40 
Median Depth (m) 1.60 %Fines 5 
st.dev. 0.27 %PI NP 
Depth to GWT (m) 0.50 
st.dev. 0.30 
σv (kPa) 28.10 qc (MPa) 0.95 
st.dev. 5.07 st.dev. 0.41 
σv' (kPa) 17.31 fs (kPa) 4.27 
st.dev. 2.66 st.dev. 1.99 
amax (g) 0.37 norm. exp. 0.70 
st.dev. 0.09 Cq, Cf 2.00 
rd 0.96 Cthin 1.00 
st.dev. 0.03 fs1 (kPa) 8.54 
Mw 7.40 st.dev. 3.99 
st.dev. 0.11 qc1 (MPa) 1.91 
CSReq 0.38 st.dev. 0.83 
st.dev. 0.13 Rf1(%) 0.45 
C.O.V.CSR 0.34 stdev 0.29 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Kocaeli, Turkey 
Mw=7.4 
Police Station Site, PS-1 
PEER (2000), Cetin (2002) 
Lateral Spreading 
Strength 
Y 
B Soil Class SM 
1.8 to 2.8 D50(mm) 1.60 
2.30 %Fines 12 
0.17 %PI NP 
1.00 
0.30 
39.55 qc (MPa) 1.15 
3.38 st.dev. 0.23 
26.80 fs (kPa) 21.62 
2.48 st.dev. 4.51 
0.40 norm. exp. 0.54 
0.10 Cq, Cf 2.00 
0.94 Cthin 1.00 
0.05 fs1 (kPa) 43.23 
7.40 st.dev. 9.03 
0.11 qc1 (MPa) 2.29 
0.36 st.dev. 0.47 
0.10 Rf1(%) 1.89 
0.28 stdev 0.55 
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Earthquake: 1999 Kocaeli, Turkey 
Magnitude: Mw=7.4 
Location: Soccer Field SF-5 
References: PEER (2000), Cetin (2002) 
Nature of Failure: Lateral Spreading 
Comments: Level ground site. 
Lateral spreading on the order of 30-40 cm measured at
CPT location 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class C Soil Class SM 
Critical Layer (m) 1.2 to 2.4 D50(mm) 1.30 
Median Depth (m) 1.80 %Fines 16 
st.dev. 0.20 %PI NP 
Depth to GWT (m) 1.00 
st.dev. 0.30 
σv (kPa) 30.30 qc (MPa) 1.30 
st.dev. 3.90 st.dev. 0.81 
σv' (kPa) 22.45 fs (kPa) 15.21 
st.dev. 2.48 st.dev. 6.01 
amax (g) 0.37 norm. exp. 0.55 
st.dev. 0.13 Cq 2.00 
rd 0.96 Cf 2.27 
st.dev. 0.04 fs1 (kPa) 34.58 
Mw 7.40 st.dev. 13.66 
st.dev. 0.11 qc1 (MPa) 2.61 
CSReq 0.31 st.dev. 1.62 
st.dev. 0.12 Rf1(%) 1.17 
C.O.V.CSR 0.39 stdev 0.97 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Kocaeli, Turkey 
Mw=7.4 
Yalova Harbor Site, CPTU-YH-3 
PEER (2000), Cetin (2002) 
Lateral Spreading 
Strength 
Y 
C Soil Class SP-SM 
1.2 to 6.0 D50(mm) 0.29 
3.60 %Fines 9 
0.80 %PI NP 
1.00 
0.30 
63.60 qc (MPa) 5.47 
14.93 st.dev. 1.09 
38.09 fs (kPa) 23.17 
5.30 st.dev. 6.57 
0.37 norm. exp. 0.57 
0.13 Cq, Cf 1.73 
0.90 Cthin 1.00 
0.07 fs1 (kPa) 40.16 
7.40 st.dev. 11.38 
0.11 qc1 (MPa) 9.49 
0.36 st.dev. 1.89 
0.16 Rf1(%) 0.42 
0.45 stdev 0.15 
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Earthquake: 1999 Kocaeli, Turkey 
Magnitude: Mw=7.4 
Location: Adapazari Site B 
References: PEER (2000), Sancio (2001), Sancio (2002) 
Nature of Failure: Building Settlement and Tilting 
Comments:	 Poor bldg performance over entire site.  Bldg tilting, settlement,
and rotation. 
Kuyudibi Ave btw. Gull and Yaprak St., Karaosman District 
Adapazari strong motion station distance of 4km 
gave 0.4 g. 
Site response analysis gives 0.3-0.4g 
CPT-B1 & B4 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM to ML 
Critical Layer (m) 3.3 to 4.3 D50(mm) 0.12 
Median Depth (m) 3.80 %Fines 35 
st.dev. 0.17 %PI na 
Depth to GWT (m) 3.30 
st.dev. 0.30 
σv (kPa) 60.40 qc (MPa) 3.94 
st.dev. 3.86 st.dev. 1.78 
σv' (kPa) 55.50 fs (kPa) 30.34 
st.dev. 3.10 st.dev. 9.38 
amax (g) 0.40 norm. exp. 0.65 
st.dev. 0.10 Cq, Cf 1.47 
rd 0.89 Cthin 1.00 
st.dev. 0.07 fs1 (kPa) 44.49 
Mw 7.40 st.dev. 13.75 
st.dev. 0.11 qc1 (MPa) 5.77 
CSReq 0.25 st.dev. 2.62 
st.dev. 0.07 Rf1(%) 0.77 
C.O.V.CSR 0.28 stdev 0.42 
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Earthquake: 1999 Kocaeli, Turkey 
Magnitude: Mw=7.4 
Location: Adapazari Site C2 
References: PEER (2000), Sancio (2001), Sancio (2002) 
Nature of Failure: Foundation settlement and sand boils. 
Comments:	 Ejecta consisted of low plasticity silt and silty fine sand.
Significant variation of stratigraphy both horizontally and 
vertically throughout the site; fluvial deposition. 
Bldg C2, Boluk St. in Istiklal district 
Adapazari strong motion station distance of 4km 
gave 0.4 g. 
Site response analysis gives 0.3-0.4g 
CPT-C4 and SPT-C4 & C3 
The critical layer is over the depth range of 3.3 to 4.8 m. 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SM to ML 
Critical Layer (m) 3.3 to 4.8 D50(mm) 0.12 
Median Depth (m) 4.05 %Fines 35 
st.dev. 0.25 %PI na 
Depth to GWT (m) 0.44 
st.dev. 0.30 
σv (kPa) 73.61 qc (MPa) 1.74 
st.dev. 5.26 st.dev. 1.01 
σv' (kPa) 38.19 fs (kPa) 17.96 
st.dev. 3.41 st.dev. 8.18 
amax (g) 0.40 norm. exp. 0.64 
st.dev. 0.10 Cq, Cf 1.85 
rd 0.88 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 33.25 
Mw 7.40 st.dev. 15.15 
st.dev. 0.11 qc1 (MPa) 3.22 
CSReq 0.44 st.dev. 1.87 
st.dev. 0.13 Rf1(%) 1.03 
C.O.V.CSR 0.29 stdev 0.76 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Kocaeli, Turkey 
Mw=7.4 
Adapazari Site D 
PEER (2000), Sancio (2001), Sancio (2002) 
Bldg settlement and rotation. 
Meydan Street, Çukurahmediye District 
Adapazari strong motion station distance of 4km 
gave 0.4 g. 
Site response analysis gives 0.3-0.4g 
CPT-C1 and SPT-C1 
Thin Layer corrected 
Y 
B 
1.8 to 2.5 
2.15 
0.12 
1.50 
0.30 
35.28 
2.56 
28.90 
2.39 
0.40 
0.10 
0.95 
0.04 
7.40 
0.11 
0.30 
0.08 
0.28 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 
st.dev. 
fs (kPa) 
st.dev. 
norm. exp. 
Cq, Cf 
Cthin 
fs1 (kPa) 
st.dev. 
qc1 (MPa) 
st.dev. 
Rf1(%) 
stdev 
ML 
0.06 
65 
na 
1.27 
0.72 
7.29 
4.07 
0.75 
2.00 
1.10 
14.58 
8.14 
2.79 
1.43 
0.58 
0.40 
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Earthquake: 1999 Kocaeli, Turkey 
Magnitude: Mw=7.4 
Location: Adapazari Site E 
References: PEER (2000), Sancio (2001), Sancio (2002) 
Nature of Failure: Bldg settlement, floor heave, sand boils. 
Comments: Kavaklar Street, Tigcilar District 
Adapazari strong motion station distance of 4km 
gave 0.4 g. 
Site response analysis gives 0.3-0.4g 
Settlement of bldgs on both mat and spread foundations. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SP 
Critical Layer (m) 1.5 to 3.0 D50(mm) 0.51 
Median Depth (m) 2.25 %Fines 2 
st.dev. 0.25 %PI na 
Depth to GWT (m) 0.50 
st.dev. 0.30 
σv (kPa) 40.13 qc (MPa) 2.03 
st.dev. 4.85 st.dev. 0.94 
σv' (kPa) 22.96 fs (kPa) 8.24 
st.dev. 2.75 st.dev. 3.98 
amax (g) 0.40 norm. exp. 0.73 
st.dev. 0.10 Cq, Cf 2.00 
rd 0.94 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 16.48 
Mw 7.40 st.dev. 7.97 
st.dev. 0.11 qc1 (MPa) 4.06 
CSReq 0.43 st.dev. 1.89 
st.dev. 0.13 Rf1(%) 0.41 
C.O.V.CSR 0.30 stdev 0.27 
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Earthquake: 1999 Kocaeli, Turkey 
Magnitude: Mw=7.4 
Location: Adapazari Site F 
References: PEER (2000), Sancio (2001), Sancio (2002) 
Nature of Failure: Building Settlement 
Comments: 
Adapazari strong motion station epicentral distance of 4km 
gave 0.4 g. 
Site response analysis gives 0.3-0.4g 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 1.8 to 3.0 D50(mm) 0.09 
Median Depth (m) 2.40 %Fines 42 
st.dev. 0.20 %PI NP 
Depth to GWT (m) 0.50 
st.dev. 0.30 
σv (kPa) 42.90 qc (MPa) 3.36 
st.dev. 4.01 st.dev. 1.17 
σv' (kPa) 24.26 fs (kPa) 10.00 
st.dev. 2.66 st.dev. 7.35 
amax (g) 0.40 norm. exp. 0.73 
st.dev. 0.10 Cq, Cf 2.00 
rd 0.94 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 20.00 
Mw 7.40 st.dev. 14.71 
st.dev. 0.11 qc1 (MPa) 6.72 
CSReq 0.43 st.dev. 2.34 
st.dev. 0.13 Rf1(%) 0.30 
C.O.V.CSR 0.29 stdev 0.24 
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Earthquake: 1999 Kocaeli, Turkey 
Magnitude: Mw=7.4 
Location: Adapazari Site G 
References: PEER (2000), Sancio (2001), Sancio (2002) 
Nature of Failure: Bldg settlement, foundation failure, and sand boils. 
Comments: Hasircilar Street, Yenigün District 
Adapazari strong motion station distance of 4km
 
gave 0.4 g.
 
Site response analysis gives 0.3-0.4g
 
CPT-G1 and SPT-G2 representative for all bldgs.
 
1 to 5 story bldgs all suffered damage and settlement
 
Ejecta of silty fine sand (SM)
 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class ML 
Critical Layer (m) 1.5 to 2.7 D50(mm) 0.04 
Median Depth (m) 2.10 %Fines 65 
st.dev. 0.20 %PI na 
Depth to GWT (m) 0.45 
st.dev. 0.30 
σv (kPa) 37.50 qc (MPa) 2.52 
st.dev. 3.96 st.dev. 0.64 
σv' (kPa) 21.31 fs (kPa) 7.95 
st.dev. 2.58 st.dev. 3.82 
amax (g) 0.40 norm. exp. 0.84 
st.dev. 0.10 Cq, Cf 2.00 
rd 0.95 Cthin 1.00 
st.dev. 0.04 fs1 (kPa) 15.90 
Mw 7.40 st.dev. 7.65 
st.dev. 0.11 qc1 (MPa) 5.03 
CSReq 0.43 st.dev. 1.28 
st.dev. 0.13 Rf1(%) 0.32 
C.O.V.CSR 0.30 stdev 0.17 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Kocaeli, Turkey 
Mw=7.4 
Adapazari Site H 
PEER (2000), Sancio (2001), Sancio (2002) 
Widespread and significant liquefaction 
Kinali St., Yagcilar District 
Adapazari strong motion station distance of 4km 
gave 0.4 g. 
Site response analysis gives 0.3-0.4g 
Strength 
Y 
B Soil Class SM 
2 to 3 D50(mm) 0.19 
2.50 %Fines 15 
0.17 %PI na 
1.72 
0.30 
41.09 qc (MPa) 2.63 
3.43 st.dev. 0.97 
33.44 fs (kPa) 15.34 
2.56 st.dev. 5.99 
0.40 norm. exp. 0.68 
0.10 Cq, Cf 2.00 
0.94 Cthin 1.00 
0.05 fs1 (kPa) 30.69 
7.40 st.dev. 11.99 
0.11 qc1 (MPa) 5.27 
0.30 st.dev. 1.93 
0.08 Rf1(%) 0.58 
0.28 stdev 0.31 
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Earthquake: 1999 Kocaeli, Turkey 
Magnitude: Mw=7.4 
Location: Adapazari Site I 
References: PEER (2000), Sancio (2001), Sancio (2002) 
Nature of Failure: Structural damage and bldg settlement. 
Comments:	 Çark Avenue, near the intersection with Sedat Kirtetepe Avenue 
Semerciler District 
Adapazari strong motion station distance of 4km 
gave 0.4 g. 
Site response analysis gives 0.3-0.4g 
No surface evidence of liquefaction (e.g. sidewalk bulges, 
sand boils, etc.) 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class ML 
Critical Layer (m) 3.0 to 3.5 D50(mm) 0.02 
Median Depth (m) 3.25 %Fines 65 
st.dev. 0.08 %PI na 
Depth to GWT (m) 0.71 
st.dev. 0.30 
σv (kPa) 58.00 qc (MPa) 1.74 
st.dev. 2.46 st.dev. 0.47 
σv' (kPa) 33.08 fs (kPa) 9.75 
st.dev. 2.69 st.dev. 4.85 
amax (g) 0.40 norm. exp. 0.72 
st.dev. 0.10 Cq, Cf 2.00 
rd 0.91 Cthin 1.00 
st.dev. 0.06 fs1 (kPa) 19.50 
Mw 7.40 st.dev. 9.69 
st.dev. 0.11 qc1 (MPa) 3.47 
CSReq 0.42 st.dev. 0.94 
st.dev. 0.11 Rf1(%) 0.56 
C.O.V.CSR 0.27 stdev 0.32 
490
 
 1999 Kocaeli, Turkey
 
Adapazari Site I
 
491
 
  
 
 
 
 
 
 
   
  
 
 
 
 
 
Earthquake: 1999 Kocaeli, Turkey 
Magnitude: Mw=7.4 
Location: Adapazari Site J 
References: PEER (2000), Sancio (2001), Sancio (2002) 
Nature of Failure: Bldg settlement, sidewalk heave, and sand boils 
Comments: Çirak Street, Yenigün District 
Adapazari strong motion station distance of 4km 
gave 0.4 g. 
Site response analysis gives 0.3-0.4g 
Boil ejecta silty sand (SM) 
Uniform bldg settlement across site consistent with relativley 
constant soil profile. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class ML 
Critical Layer (m) 1.5 to 3.5 D50(mm) 0.02 
Median Depth (m) 2.50 %Fines 82 
st.dev. 0.33 %PI 3 
Depth to GWT (m) 0.60 
st.dev. 0.30 
σv (kPa) 44.45 qc (MPa) 1.52 
st.dev. 6.36 st.dev. 0.64 
σv' (kPa) 25.81 fs (kPa) 12.83 
st.dev. 3.07 st.dev. 6.39 
amax (g) 0.40 norm. exp. 0.65 
st.dev. 0.10 Cq, Cf 2.00 
rd 0.94 Cthin 1.00 
st.dev. 0.05 fs1 (kPa) 25.65 
Mw 7.40 st.dev. 12.77 
st.dev. 0.11 qc1 (MPa) 3.04 
CSReq 0.42 st.dev. 1.28 
st.dev. 0.13 Rf1(%) 0.85 
C.O.V.CSR 0.31 stdev 0.55 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Kocaeli, Turkey 
Mw=7.4 
Adapazari Site K 
PEER (2000), Sancio (2001), Sancio (2002) 
Bldg settlement and liquefaction 
Kavaklar Ave 
Adapazari strong motion station distance of 4km 
gave 0.4 g. 
Site response analysis gives 0.3-0.4g 
Strength 
Y 
B Soil Class ML 
2 to 3 D50(mm) 0.03 
2.50 %Fines 86 
0.17 %PI 9 
0.80 
0.30 
43.85 qc (MPa) 1.87 
3.43 st.dev. 0.73 
27.17 fs (kPa) 16.95 
2.55 st.dev. 6.35 
0.40 norm. exp. 0.62 
0.10 Cq, Cf 2.00 
0.94 Cthin 1.00 
0.05 fs1 (kPa) 33.90 
7.40 st.dev. 12.69 
0.11 qc1 (MPa) 3.74 
0.39 st.dev. 1.46 
0.11 Rf1(%) 0.91 
0.28 stdev 0.49 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Kocaeli, Turkey 
Mw=7.4 
Adapazari Site L 
PEER (2000), Sancio (2001), Sancio (2002) 
Bldg settlement and liquefaction 
Adapazari strong motion station distance of 4km 
gave 0.4 g. 
Site response analysis gives 0.3-0.4g 
Strength 
Y 
B Soil Class ML 
2.0 to 2.8 D50(mm) 0.05 
2.38 %Fines 74 
0.13 %PI na 
1.72 
0.30 
38.78 qc (MPa) 1.30 
2.75 st.dev. 0.62 
32.35 fs (kPa) 7.41 
2.46 st.dev. 3.03 
0.40 norm. exp. 0.75 
0.10 Cq, Cf 2.00 
0.94 Cthin 1.00 
0.05 fs1 (kPa) 14.82 
7.40 st.dev. 6.07 
0.11 qc1 (MPa) 2.61 
0.29 st.dev. 1.24 
0.08 Rf1(%) 0.57 
0.27 stdev 0.36 
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Chi-Chi Event 
This large Mw=7.6 , thrust event, occurred near the town of Chi-Chi in central Taiwan, on
September 21, 1999.  Primary rupture occurred on the Chelungpu fault with vertical
offsets on the order of 4-8 m.  Large amounts of seismic induced liquefaction and other
forms of ground damage were observed.
There are two groups of case histories, the first group was collected and reported by Jon
Stewart via PEER (2000).  The second group was collected by Taiwan NCREE and 
posted via PEER (2000).  A number of the NCREE sites did not have water table 
measurements in the direct vicinity of the CPT logs.  Because water table is a sensitive 
parameter in liquefaction analysis, the sites lacking water tables measurements were
omitted from this database.
The PEER website contains site information including SPT and CPT logs, and site maps.
PGA estimates were based predominantly on strong motion recordings, as Taiwan has an
extensive strong motion network.
References 
PEER (2000).  “Documentation of Soil Conditions at Liquefaction Sites from 1999 Chi-
Chi, Taiwan Earthquake.” http://www.cee.ucla.edu/faculty/Taiwanwebpage/Main.htm
Stewart, J.P.  (2002)  Personal Communication.
Stewart, J.P. coordinator (2001).  “Chapter 4: Soil Liquefaction.  Chi-Chi, Taiwan
Earthquake of September 21, 1999 Reconnaissance Report.”  Earthquake Spectra, Vol.
17, Supplement A, p. 37-60.
Stewart, J.P., Chu, D.B., Lee, S., Tsai, J.S., Lin, P.S., Chu, B.L., Moss, R.E.S., Seed,
R.B., and Hsu, S.  (2003).  Liquefaction and non-liquefaction from 1999 Chi-Chi,
Taiwan, Earthquake.”  Proc. 6th U.S. Conference and Workshop on Lifeline Earthquake 
Engineering.
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Chi-Chi, Taiwan 
MW=7.6 
Nantou Site C, NCC-1, 2, & 3 and NCS-1 
PEER (2000), Stewart (2002, 2003) 
Lateral spreading and sand boils 
PGA=0.5 recorded nearby 
sand w/ gravel to silty sand 
Strength 
Y 
B Soil Class SP-SM 
2.0 to 4.5 D50(mm) 0.08 
3.25 %Fines 38 
0.42 %PI na 
1.00 
0.30 
58.75 qc (MPa) 2.54 
8.12 st.dev. 1.18 
36.68 fs (kPa) 23.39 
3.65 st.dev. 11.41 
0.38 norm. exp. 0.56 
0.08 Cq, Cf 1.75 
0.92 Cthin 1.00 
0.06 fs1 (kPa) 41.01 
7.60 st.dev. 20.02 
0.10 qc1 (MPa) 4.46 
0.36 st.dev. 2.07 
0.10 Rf1(%) 1.11 
0.27 stdev 0.62 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Chi-Chi, Taiwan 
MW=7.6 
WuFeng Site A West Side, WAC-6 & WAS-2 
PEER (2000), Stewart (2002, 2003) 
Corner punching of large buildings 
Large amount of bearing failure of structures. 
Strength 
Y 
B Soil Class ML 
5.5 to 8.5 D50(mm) 0.04 
7.00 %Fines 88 
0.50 %PI 5 
0.80 
0.30 
130.60 qc (MPa) 0.75 
10.35 st.dev. 0.29 
69.78 fs (kPa) 15.42 
5.46 st.dev. 7.08 
0.60 norm. exp. 0.75 
0.12 Cq, Cf 1.31 
0.71 Cthin 1.00 
0.12 fs1 (kPa) 20.20 
7.60 st.dev. 9.27 
0.10 qc1 (MPa) 0.99 
0.52 st.dev. 0.38 
0.15 Rf1(%) 2.14 
0.29 stdev 0.66 
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Earthquake: 1999 Chi-Chi, Taiwan 
Magnitude: MW=7.6 
Location: WuFeng Site B: WBC-1, 2, & 4 and WBS-1 
References: PEER (2000), Stewart (2002, 2003) 
Nature of Failure: Lateral spreading and sand boils 
Comments: In the parking lot next to the driving range. 
Strong motion station in the direct vicinity on similar soil 
stratigraphy, PGA=0.6. 
Borings are back from a 2 m free face along channel. 
Reaming with a dummy cone was used to get through 
pavement and fill. 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 2.5 to 5.0 D50(mm) 0.10 
Median Depth (m) 4.25 %Fines 35 
st.dev. 0.42 %PI na 
Depth to GWT (m) 1.12 
st.dev. 0.30 
σv (kPa) 77.39 qc (MPa) 2.12 
st.dev. 8.25 st.dev. 0.78 
σv' (kPa) 46.68 fs (kPa) 20.32 
st.dev. 3.92 st.dev. 10.56 
amax (g) 0.60 norm. exp. 0.55 
st.dev. 0.12 Cq, Cf 1.52 
rd 0.85 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 30.90 
Mw 7.60 st.dev. 16.05 
st.dev. 0.10 qc1 (MPa) 3.22 
CSReq 0.55 st.dev. 1.19 
st.dev. 0.14 Rf1(%) 0.96 
C.O.V.CSR 0.26 stdev 0.61 
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Earthquake: 1999 Chi-Chi, Taiwan 
Magnitude: MW=7.6 
Location: WuFeng Site C: WCC-6-11 & WCS-2 
References: PEER (2000), Stewart (2002, 2003) 
Nature of Failure: Lateral spreading and sand boils 
Comments: Located in rice paddy.
Borings are set back from low angle free face of channel. 
Strong motion station in the direct vicinity founded on similar 
soil stratigraphy, PGA=0.6. 
Used wcc6 & 9 for cone readings 
Summary of Data: 
Stress Strength 
Liquefied Y 
Data Class B Soil Class SM 
Critical Layer (m) 2.5 to 5.5 D50(mm) 0.17 
Median Depth (m) 4.00 %Fines 14 
st.dev. 0.50 %PI na 
Depth to GWT (m) 1.20 
st.dev. 0.30 
σv (kPa) 72.40 qc (MPa) 1.88 
st.dev. 9.74 st.dev. 0.44 
σv' (kPa) 44.93 fs (kPa) 34.61 
st.dev. 4.19 st.dev. 23.55 
amax (g) 0.60 norm. exp. 0.65 
st.dev. 0.12 Cq, Cf 1.68 
rd 0.86 Cthin 1.00 
st.dev. 0.08 fs1 (kPa) 58.22 
Mw 7.60 st.dev. 39.61 
st.dev. 0.10 qc1 (MPa) 3.16 
CSReq 0.54 st.dev. 0.73 
st.dev. 0.15 Rf1(%) 1.84 
C.O.V.CSR 0.27 stdev 1.33 
505
 
  
 
u eng e  
1999 Chi-Chi, Taiwan 
W F  Sit  C: WCC-6-11 & WCS-2 
506
 
  
  
   
 
 
 
 
 
 
 
Earthquake: 1999 Chi-Chi, Taiwan 
Magnitude: MW=7.6 
Location: Nantou Site C-3 & C-16 NCREE 
References: PEER (2000), Stewart (2002, 2003) 
Nature of Failure: Liquefaction 
Comments: 
liquefaction and sand boils 
The critical layer is over the depth range of 12 to 16 m. 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
Y
 
C
 
12 to 16
 
14.00
 
0.67
 
1.00
 
0.30
 
263.00
 
15.19
 
135.47 
9.53 
0.38 
0.08 
0.55 
0.20 
7.60 
0.10 
0.26 
0.11 
0.42 
Strength 
Soil Class 
D50(mm) 
%Fines 
%PI 
qc (MPa) 1.51 
st.dev. 0.28 
fs (kPa) 29.63 
st.dev. 16.16 
norm. exp. 0.74 
Cq, Cf 0.80 
Cthin 1.00 
fs1 (kPa) 23.67 
st.dev. 12.91 
qc1 (MPa) 1.21 
st.dev. 0.23 
Rf1(%) 1.96 
stdev 1.13 
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Earthquake: 1999 Chi-Chi, Taiwan 
Magnitude: MW=7.6 
Location: Nantou Site C-7 NCREE 
References: PEER (2000), Stewart (2002, 2003) 
Nature of Failure: Liquefaction 
Comments: 
gnd failure and sand boils in banana field and along dike and road 
embankment pulled away from bridge abutment 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class 
Critical Layer (m) 2.5 to 4.5 D50(mm) 
Median Depth (m) 3.50 %Fines 
st.dev. 0.33 %PI 
Depth to GWT (m) 1.00 
st.dev. 0.30 
σv (kPa) 63.50 qc (MPa) 1.16 
st.dev. 6.63 st.dev. 0.43 
σv' (kPa) 38.98 fs (kPa) 6.60 
st.dev. 3.38 st.dev. 4.37 
amax (g) 0.38 norm. exp. 0.76 
st.dev. 0.08 Cq, Cf 2.00 
rd 0.91 Cthin 1.00 
st.dev. 0.07 fs1 (kPa) 13.21 
Mw 7.60 st.dev. 8.74 
st.dev. 0.10 qc1 (MPa) 2.31 
CSReq 0.37 st.dev. 0.87 
st.dev. 0.09 Rf1(%) 0.57 
C.O.V.CSR 0.25 stdev 0.43 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Chi-Chi, Taiwan 
MW=7.6 
Nantou Site C-8 NCREE 
PEER (2000), Stewart (2002, 2003) 
Liquefaction 
Strength 
Y 
B Soil Class 
5 to 9 D50(mm) 
7.00 %Fines 
0.67 %PI 
1.00 
0.30 
130.00 qc (MPa) 2.75 
13.28 st.dev. 0.29 
71.14 fs (kPa) 57.10 
6.03 st.dev. 9.33 
0.38 norm. exp. 0.55 
0.08 Cq, Cf 1.21 
0.77 Cthin 1.00 
0.12 fs1 (kPa) 68.86 
7.60 st.dev. 11.25 
0.10 qc1 (MPa) 3.31 
0.35 st.dev. 0.34 
0.10 Rf1(%) 2.08 
0.29 stdev 0.40 
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Earthquake: 1999 Chi-Chi, Taiwan 
Magnitude: MW=7.6 
Location: WuFeng Site C-10 NCREE 
References: PEER (2000), Stewart (2002, 2003) 
Nature of Failure: Liquefaction, lateral Spreading, and foundation failure. 
Comments: 
across the river from site C 
additional data from RESI 
Summary of Data:
 
Stress Strength
 
Liquefied Y 
Data Class B Soil Class 
Critical Layer (m) 2.5 to 7.0 D50(mm) 
Median Depth (m) 4.75 %Fines 
st.dev. 0.75 %PI 
Depth to GWT (m) 1.00 
st.dev. 0.30 
σv (kPa) 87.25 qc (MPa) 1.70 
st.dev. 14.49 st.dev. 0.91 
σv' (kPa) 50.46 fs (kPa) 36.96 
st.dev. 5.65 st.dev. 30.92 
amax (g) 0.60 norm. exp. 0.58 
st.dev. 0.12 Cq, Cf 1.49 
rd 0.82 Cthin 1.00 
st.dev. 0.09 fs1 (kPa) 54.95 
Mw 7.60 st.dev. 45.98 
st.dev. 0.10 qc1 (MPa) 2.52 
CSReq 0.55 st.dev. 1.36 
st.dev. 0.17 Rf1(%) 2.18 
C.O.V.CSR 0.30 stdev 2.16 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Chi-Chi, Taiwan 
MW=7.6 
Yuanlin C-2 & BH-3 NCREE 
PEER (2000), Stewart (2002, 2003) 
Liquefaction 
Strength 
Y 
B Soil Class 
2.5 to 4.0 D50(mm) 
3.25 %Fines 
0.25 %PI 
0.56 
0.30 
60.07 qc (MPa) 2.48 
5.14 st.dev. 0.77 
33.68 fs (kPa) 12.22 
3.11 st.dev. 5.70 
0.25 norm. exp. 0.75 
0.05 Cq, Cf 2.00 
0.93 Cthin 1.00 
0.06 fs1 (kPa) 24.44 
7.60 st.dev. 11.41 
0.10 qc1 (MPa) 4.95 
0.27 st.dev. 1.55 
0.07 Rf1(%) 0.49 
0.24 stdev 0.28 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Chi-Chi, Taiwan 
MW=7.6 
Yuanlin C-4 & BH-5 NCREE 
PEER (2000), Stewart (2002, 2003) 
Liquefaction 
Strength 
Y 
B Soil Class 
3 to 6 D50(mm) 
4.50 %Fines 
0.50 %PI 
0.66 
0.30 
83.52 qc (MPa) 2.99 
9.86 st.dev. 0.71 
45.85 fs (kPa) 38.80 
4.47 st.dev. 38.92 
0.25 norm. exp. 0.55 
0.05 Cq, Cf 1.54 
0.89 Cthin 1.00 
0.08 fs1 (kPa) 59.57 
7.60 st.dev. 59.76 
0.10 qc1 (MPa) 4.60 
0.26 st.dev. 1.09 
0.07 Rf1(%) 1.30 
0.27 stdev 1.34 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Chi-Chi, Taiwan 
MW=7.6 
Yuanlin C-19 & BH-25 NCREE 
PEER (2000), Stewart (2002, 2003) 
Liquefaction 
Strength 
Y 
B Soil Class 
4.0 to 5.8 D50(mm) 
6.50 %Fines 
0.30 %PI 
0.57 
0.30 
121.79 qc (MPa) 2.06 
6.92 st.dev. 0.40 
63.62 fs (kPa) 22.23 
4.71 st.dev. 4.25 
0.25 norm. exp. 0.67 
0.05 Cq, Cf 1.35 
0.82 Cthin 1.00 
0.11 fs1 (kPa) 30.10 
7.60 st.dev. 5.76 
0.10 qc1 (MPa) 2.78 
0.25 st.dev. 0.54 
0.07 Rf1(%) 1.08 
0.26 stdev 0.29 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Chi-Chi, Taiwan 
MW=7.6 
Yuanlin C-22 & BH-30 NCREE 
PEER (2000), Stewart (2002, 2003) 
Liquefaction 
Strength 
Y 
B Soil Class 
2.8 to 4.2 D50(mm) 
3.50 %Fines 
0.23 %PI 
1.13 
0.30 
63.11 qc (MPa) 2.72 
4.83 st.dev. 0.37 
39.86 fs (kPa) 12.59 
3.01 st.dev. 4.34 
0.25 norm. exp. 0.70 
0.05 Cq, Cf 1.90 
0.92 Cthin 1.00 
0.07 fs1 (kPa) 23.97 
7.60 st.dev. 8.27 
0.10 qc1 (MPa) 5.17 
0.24 st.dev. 0.70 
0.06 Rf1(%) 0.46 
0.24 stdev 0.17 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Chi-Chi, Taiwan 
MW=7.6 
Yuanlin C-24 & BH-29 NCREE 
PEER (2000), Stewart (2002, 2003) 
Liquefaction 
Strength 
Y 
B Soil Class 
5.2 to 7.8 D50(mm) 
6.20 %Fines 
0.33 %PI 
1.20 
0.30 
114.20 qc (MPa) 3.87 
7.19 st.dev. 0.90 
65.15 fs (kPa) 23.27 
4.39 st.dev. 8.39 
0.25 norm. exp. 0.75 
0.05 Cq, Cf 1.38 
0.83 Cthin 1.00 
0.11 fs1 (kPa) 32.09 
7.60 st.dev. 11.57 
0.10 qc1 (MPa) 5.33 
0.24 st.dev. 1.24 
0.06 Rf1(%) 0.60 
0.26 stdev 0.26 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Chi-Chi, Taiwan 
MW=7.6 
Yuanlin C-25 & BH-47 NCREE 
PEER (2000), Stewart (2002, 2003) 
Liquefaction 
Strength 
Y 
B Soil Class 
9.5 to 12 D50(mm) 
10.75 %Fines 
0.42 %PI 
3.52 
0.30 
193.69 qc (MPa) 7.74 
9.49 st.dev. 1.09 
122.76 fs (kPa) 61.67 
6.11 st.dev. 12.21 
0.25 norm. exp. 0.61 
0.05 Cq, Cf 0.88 
0.67 Cthin 1.00 
0.18 fs1 (kPa) 54.42 
7.60 st.dev. 10.77 
0.10 qc1 (MPa) 6.83 
0.17 st.dev. 0.97 
0.06 Rf1(%) 0.80 
0.34 stdev 0.19 
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Earthquake: 
Magnitude: 
Location: 
References: 
Nature of Failure: 
Comments: 
Summary of Data: 
Stress 
Liquefied 
Data Class 
Critical Layer (m) 
Median Depth (m) 
st.dev. 
Depth to GWT (m) 
st.dev. 
σv (kPa) 
st.dev. 
σv' (kPa) 
st.dev. 
amax (g) 
st.dev. 
rd 
st.dev. 
Mw 
st.dev. 
CSReq 
st.dev. 
C.O.V.CSR 
1999 Chi-Chi, Taiwan 
MW=7.6 
Yuanlin C-32 & BH-21 NCREE 
PEER (2000), Stewart (2002, 2003) 
Liquefaction 
Strength 
Y 
B Soil Class 
4.5 to 7.5 D50(mm) 
6.00 %Fines 
0.50 %PI 
0.74 
0.30 
111.78 qc (MPa) 3.39 
10.13 st.dev. 1.05 
60.18 fs (kPa) 21.03 
5.03 st.dev. 6.66 
0.25 norm. exp. 0.70 
0.05 Cq, Cf 1.43 
0.84 Cthin 1.00 
0.11 fs1 (kPa) 30.01 
7.60 st.dev. 9.50 
0.10 qc1 (MPa) 4.83 
0.25 st.dev. 1.49 
0.07 Rf1(%) 0.62 
0.27 stdev 0.27 
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